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ABSTRACT

Moving Towards Water Security: Mitigating Emerging Contaminants in Treated
Wastewater for Sustainable Reuse

Nicolas Augsburger

Continuous increases in the interest and implementation of wastewater reuse due to
intensified water stress has escalated the concerns of emerging contaminants. Among
emerging contaminants there are microbial (antibiotic resistance) and chemical
(pharmaceuticals) elements which have been shown to survive wastewater treatment. This
dissertation aims to mitigate emerging contaminants by means of understanding and/or
developing the appropriate disinfection strategies, with the intention to provide knowledge
that would facilitate towards safe and sustainable water reuse.
The first part of this thesis explored microbial risk component of antibiotic
resistance. Antibiotic resistance genes are abundant in treated wastewater, and only pose a
risk if taken up by potential pathogens through natural transformation. Our results showed
that solar irradiation can double natural transformation rates, mediated by reactive oxygen
species generation, which led to upregulation in DNA repair and competence genes in
Acinetobacter baylyi ADP1. Treatment with UV-C254

nm

irradiation also resulted in

upregulation in DNA repair genes, nevertheless we observed a decrease in natural
transformation rates. These results imply that direct damage of antibiotic resistance genes

5
(ARG) could inhibit their spread and therefore risk, despite other factors contributing to
the contrary.
The next chapter in this dissertation postulated that the UV/H2O2 combination
would be ideal to treat microbial and chemical emerging contaminants in effluent generated
from an anaerobic membrane bioreactor. We demonstrated that at an optimal UV intensity
and H2O2 concentration, we were able to achieve a 2 and 6-log reduction of the two
antibiotic resistance genes and bacteria and used in this study, respectively, and more than
90% removal of the three pharmaceutical compounds. These observations suggest that
UV/H2O2 has great potential in treating effluent with high nitrogen concentrations,
preserving the fertilization benefit of AnMBR effluent.
Overall, this dissertation revealed the potential of UV-based treatments for treated
wastewater intended for reuse. Post-membrane processes effluent allows one to deploy
UV-C254 nm to selectively target DNA and therefore ARB and ARG that may be still present
in the treated wastewater. At the same time, coupling chemical oxidants with UV-C (i.e.,
UV AOP) would further enhance the means to simultaneously oxidize and degrade
potentially harmful chemical contaminants.
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CHAPTER 1
Introduction
The importance of water is highlighted by the fact that astrophysicists use it as
evidence of the extraterrestrial life. Not only is water a requirement to life as we know it at
a molecular level, but it is also required for everything - from growing our food, to provide
electricity to charge our gadgets, to the extraction of oil to generate fuel for transportation.
With population growth leading to increase in water demand, global freshwater resources,
which are finite, are essentially drying up. The World Economic Forum has highlighted
water crisis as one of the top five global risks in terms of impact for the last five years
(2015-2020)1. Today 36% of the world’s population suffer from water scarcity, whether it
be physical (1.2 billion people) or economic (1.6 billion people)2. Over 51% (4 billion
people) experience water scarcity for at least one month of the year3, and 80% of the world
are facing high levels of threat arising from water scarcity4. Massive investments in
alternative freshwater have already been made and is exemplified by seawater desalination,
particularly in arid regions such as the Middle East and Africa. Globally desalination plants
produce around 95 million m3/day of freshwater for human consumption, with around half
being produced in the MENA region5. Assuming a conservative investment of $900/m3/day
6

, it would mean that $3.6 billion/hour is being spent on water desalination to provide 0.9%

of the global water demand7. This kind of investment is not sustainable for many
developing countries, even if located near a sea or ocean.
70% of the world’s freshwater withdrawals are used for agriculture8,9 . With food
and therefore water demand expected to increase, managing current and finding alternative
water supplies for agriculture irrigation will have the largest impact on global water
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scarcity. Solely relying on groundwater and desalinated waters to meet the water demands
of food production would not be sustainable. In contrast, wastewater has been intentionally
reused for beneficial crop production since the Romans10, and evidence of wastewater reuse
dates back to prehistoric times11. Today arid regions around the globe are turning to
wastewater as an alternative to natural freshwater sources due to its reliability, practicality
and versatility, albeit the volume of treated wastewater that can be used for agriculture
irrigation still does not meet the entire demand imposed by this industry. However,
depending solely on natural reservoirs can be devastating because freshwater reservoirs
can have large seasonal fluctuations in terms of volume or flow12, are inherently sensitive
to environmental conditions, and climate change is negatively affecting freshwater
availability and quality, only making the water-food nexus more vulnerable13,14. In terms
of reliability, wastewater streams have very predictable quantity15,16 and quality17-19, and
do not run the risk of being overexploited because its flow scales with the population size20.
In terms of practicality, the infrastructure to treat wastewater is already in place, meaning
that minimal investment/footprint would be needed to upgrade treatment technologies to
meet certain standards depending on the purpose of use of the final treated water. The
versatility of wastewater reuse is highlighted by the fact that wastewater can be repurposed
at nearly any level of treatment; from minimally processed for biofuel production21 all the
way to drinking water standards for potable reuse22. Other advantages of wastewater reuse
include resource recovery23, methane generation24 (through anaerobic digestion) to offset
some of the energy requirements of wastewater treatment, and indirect benefits to the
environment by decreasing the discharge into sensitive ecosystems, preventing
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eutrophication events, reducing pollution, and increases in natural water reservoir recharge
due to less withdrawals 25-27.
Despite the obvious advantages in reusing treated wastewater, the implementation
of wastewater reuse comes with microbial and chemical contamination concerns. The first
regulation or guideline to mitigate risk in agriculture irrigation with wastewater came in
1918 by the California State Board of Public Health, and the first from the WHO came in
197311, which included fecal coliform limits. Since then, national and international
agencies have modernized those guidelines and regulations to fit the intended purpose of
reuse and to include water quality parameters (biochemical oxygen demand, total
suspended solids and turbidity) and microbial contaminants (total and fecal coliform, E.
coli, and viruses)11,28-30. Using simple water parameters as proxies for overall water quality
makes the guidelines easy to implement worldwide, however such parameters are still
insufficient to comprehensively address significant environmental and human risks.
In order to meet the stipulated guideline in terms of fecal coliforms, most wastewater
treatment plant (WWTP) typically rely on chemical disinfection (e.g. chlorine or ozone)
after secondary treatment to achieve from 5.5 to 6-log reduction of cells31-34. However, the
lysed cells will release their genetic material, including antibiotic resistance genes and/or
virulence genes into the environment. This genetic material is collectively termed
extracellular DNA (eDNA), and it was previously demonstrated that disinfection
byproducts (DBPs) formed from chlorine disinfection can increase natural transformation
rates of eDNA in naturally competent Acinetobacter baylyi ADP135. The mechanistic
reasons to account for the increase in natural transformation was due to the production of
reactive oxygen species (ROS) by the DBPs, with ROS subsequently imposing
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mutagenicity on the bacterium. In response to the DNA damage, recA and DNA repair
mechanism were also expressed by the bacterium. RecA being the molecular link between
DNA repair and natural transformation, contributed to the increase in natural
transformation.
Such phenomenon is perhaps not unique to the WWTP environment but also in the
downstream environment where the treated wastewater is used. For example, at the pointof-use (e.g. agricultural farms), the treated wastewater which contain eDNA is often
retained in evaporation pond prior irrigation onto the soils or crops. In both instances,
eDNA is exposed to sunlight, a mutagenic stressor at sublethal dosage36, and the role at
which it can trigger natural transformation remains unknown. The rates at which naturally
competent bacteria in the environment downstream of a WWTP integrate eDNA into their
chromosome can be a potential cause of concern.
Besides microorganisms and eDNA, emerging contaminants that are also present
in the treated wastewater include pharmaceuticals, personal care products and pesticides.
These chemical compounds are collectively referred to as contaminants of emerging
concern (CECs) and include hundreds of compounds which are structurally diverse. Recent
studies showed crops irrigated with treated wastewater can take up and bioaccumulate
some CECs

37-39

. Because they are structurally diverse, they behave differently under a

given treatment and the capability of secondary wastewater treatment methods to remove
CECs has been recently summarized by Krzeminski et al, 201940. They suggest that
membrane bioreactors (MBR) outperforms conventional activated sludge (CAS) which
would need a downstream treatment step for similar removal.
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MBR includes a membrane filtration step downstream of biological digestion and
through both size exclusion and adsorption on the biofoulant layer, CECs and eDNA are
more efficiently removed. MBRs typically achieve higher quality effluent as compared to
conventional activated sludge

40-43

. However, the largest inconvenience of MBR is

sustainability concerns due to the energy consumption (2 kWh/m3)44 of which up to 40%
is attributed to aeration alone45. Anaerobic modes of MBR (AnMBR) eliminate that cost
immediately, and have emerged as a potential alternative to treat domestic wastewater24,4649

. Other economic advantages of anaerobic digestion include reduction of sludge treatment

costs due to higher solid retention times and electricity generation through combustion of
the methane generated (110-320 mLCH4/gCOD) during the anaerobic digestion24. One
drawback of AnMBR is that its removal of total nitrogen (TN) and total phosphorous (TP)
is negligible. This means that post-treatment would be necessary to meet most wastewater
discharge limits, incurring additional energy costs for such treatment despite residual
nitrogen and phosphorous at municipal concentrations not being a concern for agriculture
irrigation. Still the concern of CECs including eDNA remains, and a final disinfection
treatment step can be used to enhance removals of all emerging contaminants and reduce
human concerning risks.
Considering the abovementioned background motivations and knowledge gaps,
this dissertation aims to contribute to sustainable wastewater reuse by proposing
technological solutions to mitigate emerging contaminants in treated wastewater. In the
second chapter of this dissertation, we investigated the influence of solar irradiation and
UV-C254

nm

to natural transformation of eDNA in Acinetobacter baylyi ADP1. If the

sunlight is shown not to trigger natural transformation, it would then suffice as a low-cost
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natural disinfection strategy for further disinfecting the waters. However, if sunlight can
indeed trigger natural transformation, alternative disinfection process that can be (i)
deployed in the WWTP, (ii) can effectively inactivate microorganisms and eDNA, and (iii)
would not contribute to increase in natural transformation would be favorable. For this,
UV-C254

nm

is an effective bacterial disinfectant, and does not generate disinfection

byproducts (DBP) which have previously been shown to increase natural transformation
frequencies35. The role of UV-C254

nm

in natural transformation is therefore further

examined in this chapter. We found that unlike sunlight irradiation, there was a
concentration-dependent decrease in transformation rates when UV-C254 nm was used. Our
work therefore suggests that UV-disinfection would be a suitable mitigation strategy
against eDNA.
In the third chapter, we further looked at the use of UV/H2O2 to facilitate the
removal of ARB, ARG, and three pharmaceutical compounds (atenolol, carbamazepine,
and estrone) from real treated wastewater from our lab-scale AnMBR. UV-C254

nm

treatment of AnMBR effluent is an attractive option because it is not readily absorbed by
ammonia, which has a two-fold advantage. It addresses DBP concerns associated with
ammonia while preserving the fertilizing benefit of having it in the final effluent. AnMBR
provides the high-quality effluent required for UV treatment, however UV alone does not
efficiently remove CECs by direct photolysis

50

. H2O2 is photolyzed to generate OH-

radicals, strong nonselective oxidants to aid in the removal of the pharmaceutical
compounds which as previously mentioned, can be taken up by crops and are not removed
by UV alone. We therefore tested the ability of this advanced oxidation process (AOP) to

19
preserve the nutritional benefits of AnMBR effluent while removing relevant microbial
and chemical contaminants.
Overall, this dissertation shines light on specific disinfection treatment strategies
that can be deployed to post-MBR effluent to target both microbial and chemical emerging
contaminants in treated wastewater, thereby moving towards safe wastewater reuse.
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CHAPTER 2

Acquisition of Extracellular DNA by Acinetobacter baylyi ADP1 in Response to Solar
and UV-C254 nm Disinfection

This chapter has been published as:
Augsburger, N., Mantilla-Calderon, D., Daffonchio, D., & Hong, P. Y. (2019). Acquisition
of Extracellular DNA by Acinetobacter baylyi ADP1 in response to Solar and UV-C254 nm
Disinfection. Environmental Science & Technology, 53(17), 10312-10319.
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2. Acquisition of Extracellular DNA by Acinetobacter baylyi ADP1 in Response to
Solar and UV-C254 nm Disinfection

Extracellular DNA (eDNA) cannot be effectively removed by most of the existing
wastewater treatment technologies and can contribute to the gain of new functional traits
when transformed into competent bacteria present in downstream environments. This study
evaluates the contributions of solar and UV-C254 nm irradiation to the transformation of
eDNA in Acinetobacter baylyi ADP1. Solar irradiation was evaluated because it is a natural
environmental stressor to which eDNA would be exposed during wastewater reuse. UVC254

nm

was evaluated as an alternative to a chlorine-based disinfection strategy. Our

findings showed that solar disinfection increased the natural transformation frequency by
up to 2.0-fold after irradiance at 153 mJ cm2 -1. This was largely mediated by reactive
oxygen species (ROS) generation, which was correlated with an upregulation of both DNA
repair (recA and ddrR) and competence (comA and pilX) genes. In contrast, even though
UV-C254 nm exposure was accompanied by upregulation of DNA repair (recA, ddrR, and
uvrB) genes and, hence, possibly higher integration rates of eDNA, we observed a
concentration-dependent decrease in transformation rates. This decrease in transformation
was likely due to UV dimerization of eDNA, which resulted in the integration of damaged
genes that cannot be transcribed into any functional gene products. These results imply that
even though sunlight stimulates eDNA uptake and integration in the natural environment,
UV disinfection implemented at a treatment plant can potentially minimize subsequent
detrimental effects by damaging extracellular genetic material and ensuring that there is no
substantial expression of these transformed genes.
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2.1. Introduction
Water scarcity and antibiotic resistance have been designated as global threats to
public health by the World Health Organization

51,52

. Four billion people worldwide face

severe water scarcity 3, which has led to wastewater treatment and reuse initiatives to
alleviate freshwater exhaustion and achieve food security. However, wastewater
reclamation has to be conducted without compromising public health or environmental
safety.
Retrofitting existing wastewater treatment plants (WWTPs) with microfiltration
membranes would achieve a higher removal efficiency of bacterial cells, including
antibiotic-resistant bacteria (ARB), mitigating the biological risks incurred during reuse.
However, extracellular DNA (e.g., naked DNA containing antibiotic resistance genes,
ARGs) is neither effectively rejected by size exclusion nor completely adsorbed onto the
membrane biofoulant layer

41

. For example, the amount of extracellular DNA (eDNA)

detected in the effluent from a membrane bioreactor (MBR) was higher than the levels
detected in an effluent stream receiving discharge from a parallel activated sludge system
operated within the same WWTP53 (4.2 ng/mL vs. 1.7 ng/mL) 53.
These effluent matrices contain viable bacterial cells and eDNA, which will interact
with various physical and chemical agents that may be present in the final stage of
treatment in a WWTP as well as in the natural environment where reuse takes place. Such
agents include disinfection byproducts (DBPs) arising from the use of chlorine and other
disinfectants during the last treatment step. In a recent study, we showed that DBPs
increase natural transformation rates in Acinetobacter baylyi ADP1, a ubiquitous and
naturally competent microorganism

35

. We demonstrated that the increase in
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transformation rates in response to bromoacetic acid (BAA) exposure was linked to the
ability of this compound to generate mutagenic stress via reactive oxygen species (ROS).
Mutagenic DNA damage led to increased expression of recA, which can potentially
facilitate the integration of eDNA into the genome of recipient bacterial cells 35.
In addition to DBPs, another relevant environmental mutagenic stressor is solar
irradiation. Sunlight exerts its main biocidal effect through UV radiation and, to a lesser
degree, the production of ROS. Since we previously showed that mutagenic stress is the
leading cause of increased transformation, we hypothesized that sunlight exposure would
also facilitate the integration of extracellular genes into A. baylyi ADP1. However, studies
have not been conducted to validate this hypothesis.
Since sunlight is likely to facilitate the fixation of eDNA in the recipient microbial
pool, a nonchlorine-based disinfection strategy is needed to mitigate problems associated
with the eDNA remaining in post-MBR effluents (low-turbidity waters). UV-C254 nm is a
direct damaging agent that dimerizes pyrimidine bases in DNA 54,55. While there have been
studies evaluating the application of UV disinfection for the removal of extracellular and
intracellular ARGs using transformation as a quantification tool 56,57, the effect of UV-C254
nm

on natural transformation rates during bacterial disinfection has not yet been evaluated.
In this study, solar irradiation and UV-C254

nm

disinfection were tested on a

recipient-reporter strain derived from Acinetobacter baylyi ADP1 (BD413)

58

in the

presence of extracellular donor DNA. Further investigation was performed to assess the
molecular mechanism underlying changes in natural transformation rates upon exposure to
both light-based stressors. The findings from this study provide insights into how sunlight
contributes to the horizontal gene transfer (HGT) of eDNA in the natural environment and

24
whether UV-C254 nm could be used as an alternative disinfection strategy to minimize the
transformation potential of eDNA prior to discharge/reuse.

2.2. Materials and methods
2.2.1. Bacterial strain for determining natural transformation.
The reporter strain of A. baylyi ADP1 (BD413) was used as a model bacterium to
determine natural transformation frequencies, as Acinetobacter spp. are commonly
detected in the environment and in wastewater 59,60. The recipient strain 58 carries a markerreporter rescue cassette (rbcL-ΔP aadA::GFP) integrated into the bacterial chromosome
between the lipB and lipA genes. The gene fusion (aadA::GFP) encoding spectinomycin
resistance (aadA) and green fluorescent protein (GFP) lacks a functional promoter and is
therefore not expressed in the recipient strain. To restore the expression of aadA::GFP,
donor DNA carrying a constitutive functional promoter is used (rbcL-Prrn-aadA). Upon
the uptake of the donor DNA, homologous recombination takes place between the flanking
rbcL and aadA loci, leading to the insertion of the Prrn promoter upstream of aadA::GFP.
The integration of the promoter activates the transcription of the gene fusion, restoring
spectinomycin resistance and fluorescence. A. baylyi was cultivated at 37°C on LB Miller
agar supplemented with kanamycin (50 μg mL-1) and rifampicin (50 μg mL-1). After
overnight cultivation, a single colony was inoculated into 50 mL of fresh LB broth
supplemented with the abovementioned concentrations of kanamycin and rifampicin. The
culture was incubated overnight at 37°C at 200 rpm. The cells were harvested by
centrifugation at 5000 g for 10 min. The cell pellets were washed twice with 1X PBS.
Washed cells were standardized on the basis of the OD660 value to a final concentration
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of 2 x 108 cells/mL in 1X PBS. This standardized cell suspension was used as the inoculum
for all subsequent transformation assays.
2.2.2. Effect of solar irradiation on natural transformation.
Solar irradiation experiments were conducted using an Atlas Suntest® XLS+
photosimulator (Ametek, Mount Prospect, IL) equipped with a xenon arc lamp. To ensure
that UV-C did not play a role in inactivating A. baylyi, the solar simulator was programmed
to only emit light with wavelengths between 280-800 nm at an irradiance of 27.86 mJ/h.
Moreover, a filter blocking wavelengths shorter than 280 nm was placed above each beaker
containing A. baylyi with or without donor DNA. The irradiance profile of the
photosimulator compared to actual sun exposure is shown in Supplementary Figure A1,
and the absorbance profile of the medium is shown in Supplementary Figure A2. The
inactivation kinetics of A. baylyi in both 1X PBS and Luria Broth (LB) media were first
evaluated to determine the range of solar fluence that imposes a sublethal effect on A.
baylyi. Bacterial concentrations were quantified over time through agar plating as colony
forming units (CFU/mL). Further details of the solar irradiation experiments are presented
in Supplementary Information A1. Subsequent transformation experiments were
performed under sublethal (≤ 0.3-log reduction) solar fluence to minimize changes in the
natural transformation frequency arising from cytotoxicity effects.
2.2.3. Effect of UV-C254 nm disinfection on natural transformation.
UV disinfection was performed using an 8 W monochromatic UVP lamp emitting
light at the germicidal UV-C (254 nm) wavelength (Analytik Jena, Upland, CA). The
samples were placed 14.5 cm from the lamp, which resulted in 0.35 W/m2 of irradiance at
254 nm, measured with an SU-100-SS UV sensor (Apogee Instruments, Santa Monica,
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CA). The inactivation kinetics of A. baylyi in both the 1X PBS and LB media were
determined based on cell counts quantified over time (0 to 15 min or 0 to 31.5 mJ/cm2)
through agar plating. Further details of the UV-C254

nm

disinfection experiments are

presented in Supplementary Information A2. Subsequent transformation experiments, as
detailed in section 2.2.4, were performed at a sublethal UV intensity (≤ 0.3-log
inactivation) to minimize changes in the natural transformation frequency arising from
cytotoxicity.
2.2.4. Transformation assays in the presence of sunlight or UV-C254 nm.
To evaluate the changes in the transformation frequency in the presence of sublethal
intensities of sunlight or UV-C254 nm, A. baylyi was inoculated into LB with 2 µg/mL of
donor DNA containing the necessary functional promoter for the reporter gene to maintain
an optimal ratio of donor DNA to A. baylyi cells (2 x 108 cells/mL) in each reactor. The
samples were exposed to sublethal dosages (≤ 0.3 log-reduction) of either sunlight or UVC254 nm. Two dark controls containing donor DNA and A. baylyi cells were included in each
experiment. Two controls without donor DNA but with A. baylyi cells were also set up in
the presence of light and in the dark. Each experiment was performed at least in triplicate
and with up to eight biological replicates. After the tested exposure time to sunlight or UVC254 nm, 1.5 mL of the contents of each reactor was transferred to a 2-mL centrifuge tube
and placed in a shaker at 37°C for a 24 h duration of transformation. All samples were
covered with aluminum foil during incubation to avoid photoreactivation, particularly in
the UV-irradiated samples 61,62. To monitor transformation, cell numbers were quantified
by plating on Rif+ Kan+ Spec- LB and Rif+ Kan+ Spec+ LB agar (100 µg/L of
Spectinomycin) after the 24 h period was completed. Transformation frequencies were
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calculated by comparing the cell numbers on Spec+ plates (transformants) to those on
Spec- plates (total cell numbers). Transformation frequencies were then normalized in
relation to those of the respective dark controls containing donor DNA, which represented
the natural transformation frequencies without exposure to any form of irradiance. This
allowed the calculation of fold changes in transformation, providing a value normalized on
the basis of a control for each set of experiments. Significant differences between the
datasets of fold changes in natural transformation under each irradiation treatment were
determined in comparison to the dark control with an independent t test, where p < 0.05
was considered significant. For all statistical analyses performed throughout this study,
every data point (3 technical replicates per biological replicate) was taken as an individual
point to account for deviations within a biological replicate.
2.2.5. Role of ROS in natural transformation rates.
To further explore the effect of ROS on the transformation frequencies in each
treatment, an ROS scavenger was added in both the solar and UV-C254 nm tests. Glutathione
(GSH) is a well-known reductant that is able to neutralize oxidants such as free radicals,
peroxides, and heavy metals. The import and export mechanisms of GSH in a variety of
cells for use in the quenching of intracellular ROS have been reported previously 63-66. A
400 µM concentration of GSH was added to reactors exposed to both treatments. This
concentration is high enough that GSH is supersaturated and available to reduce any ROS
that would be generated but low enough that it did not cause a cellular response resulting
in any significant difference between samples in the dark (data not shown). The
transformation frequencies of the GSH+ and GSH- samples were compared at 69.6, 111.4,
153.2 mJ/cm2 of irradiance in the solar assays and 2.1, 5.25, 10.5 mJ/cm2 of irradiance in
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the UV-C254 nm assays; significant differences between the GSH+ and GSH- datasets at
each irradiation sampling point were determined with an independent t test where p < 0.05
was considered significant. The GSH+ reactors were run in biological triplicates in the case
of UV-C254 nm treatment and with five biological replicates for solar irradiation treatment.
The transformation frequencies of the GSH+ and GSH- dark samples were not significantly
different and are therefore not discussed in the results.
2.2.6. Assessing the integrity of extracellular donor DNA in the presence of sunlight
or UV-C254 nm.
The integrity of donor DNA is fundamental for successful natural transformation.
To investigate the consequences of exposure of the donor DNA during the transformation
experiments, a separate set of transformation assays was run using donor DNA exposed to
either sunlight or UV-C254 nm and nonirradiated cells. Pure donor DNA was exposed to
either 153.2 mJ/cm2 of sunlight or 31.5 mJ/cm2 of UV-C254 nm or left unexposed and was
then incubated with unexposed A. baylyi cells for 24 h for transformation. The cellular and
donor DNA concentrations were consistent with the protocol described in section 2.2.4,
and these experiments were conducted in biological triplicates in each case. Statistical
differences were determined by comparing the transformation frequencies at each
irradiation level to those in the dark with an independent-samples t test, where p < 0.05
was considered significant.
2.2.7. Effect of irradiation treatments on A. baylyi gene expression.
Samples of 1 mL were taken from the reactors described in section 2.2.3 at different
time points: t = 0, when no irradiation was present; early in the period of exposure to
irradiation (1 min of UV-C254 nm exposure or 2.5 h of solar irradiance); and late in the period
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of exposure to irradiation (10 min of UV-C254 nm exposure or 5.5 h of solar irradiance). This
procedure was performed twice as to obtain biological duplicates at each time point. These
time points were chosen based on the curves of the inactivation kinetics of A. baylyi in LB
medium (Supplementary Figure A3). The samples were centrifuged at 10,000 g for 10 min
at room temperature, and the supernatant was discarded. The cell pellets were then
resuspended in 1 mL of RNAProtect® preservation reagent (Qiagen, Hilden, Germany)
and preserved at 4°C until RNA extraction. To analyze mRNA expression in A. baylyi in
response to the irradiation treatments, total RNA was extracted using the RNeasy Mini kit
(Qiagen, with on-column DNase treatment. The extracted mRNA was converted to cDNA
using the Invitrogen SuperScript III First-Strand Synthesis System (Thermo Fisher
Scientific, Carlsbad, CA) based on the manufacturer’s protocol. Briefly, 6 µL of each
mRNA sample was mixed with 50 ng of random hexamers and 1 µL of annealing buffer.
Random hexamers were used because they are more suited for use with low-concentration
RNA templates, as was the case in this study, particularly for those samples obtained after
UV-C254 nm exposure. All reaction mixtures were incubated at 65°C for 5 min and then
immediately placed on ice. The concentration of cDNA was measured with the Qubit
dsDNA BR assay kit (Thermo Fisher Scientific), and the samples were stored at -20°C
until reverse transcription quantitative PCR (RT-qPCR).
The genes selected for RT-qPCR included comA and pilX as representatives of
competence-related genes as well as recA , ddrR, and uvrB as representatives of DNA
repair genes. The functions of these genes and the primer sequences are provided in Table
A1. The copy numbers of each target gene cDNA were normalized with respect to those of
the housekeeping gene rpoB. The details of the standard preparation and SYBR Green-
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based qPCR procedures are provided in Supplementary Information A3. After generating
standards with known copy numbers for each gene, relative concentrations were calculated
with respect to the housekeeping gene rpoB. Normalized values were then compared in the
irradiated and dark control samples to generate fold change values.

2.3. Results
2.3.1. A sublethal level of solar irradiation, but not UV-C254 nm, increases natural
transformation.
A concentration-dependent increment of the natural transformation frequency
compared to that observed in the dark controls occurred in A. baylyi cells exposed to
sublethal but increasing intensities of solar irradiation (Figure 2.1a). At 69.6 mJ/cm2 (2.5
h exposure), there was a 1.4-fold change in the transformation frequency, which was
significantly higher than that in the dark (4.6 x 10-6 transformants/total cells) (p = 9.36 x
10-4). The fold change in the transformation frequency increased further to 2.0-fold at 153.2
mJ/cm2 (5.5 h exposure) compared to that in the dark control. In contrast, A. baylyi cells
exposed to sublethal intensities of UV-C254

nm

experienced a concentration-dependent

decrease in the natural transformation frequency compared to that observed in the dark
(Figure 2.1b). At the lowest tested irradiance (1.1 mJ/cm2), the observed 0.8-fold decrease
in the transformation frequency was significantly lower than that in the dark (7.0 x 10-6
transformants/total cells) (p = 0.025). The fold change in the transformation frequency
decreased further to 0.3-fold compared to that in the dark at the highest sampled exposure
intensity of 31.5 mJ/cm2 (15 min exposure). The fold changes in the natural transformation
frequency upon exposure to sunlight were compared with that in a donor DNA-negative
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control (i.e., A. baylyi was exposed to the same treatment but in the absence of donor DNA).
No transformed bacterial colonies were obtained in the absence of donor DNA in either the
solar irradiation or UV-C254 nm experiments (Supplementary Figure A4a and A4b).

Figure 2.1. Transformation fold changes are shown in the trendlines for solar irradiation
(a) and UV-C254 nm irradiation (b). Transformation rates were normalized in relation to the
rates of the dark samples and are shown as fold changes. Each circle corresponds to the
individual fold change values of individual experiments under each indicated irradiance.
The percent survival of the total cell population is noted above each sampling point or is
labeled as “no cytotoxicity” (NC). All experiments were conducted at sublethal
concentrations that resulted in a ≤ 0.3-log reduction in cell numbers.
2.3.2. The increase in the transformation frequency upon exposure to solar
irradiation is mediated by ROS.
In the presence of 400 µM glutathione (GSH), A. baylyi cells exposed to increasing
intensities of solar irradiation no longer exhibited a concentration-dependent increase in
the transformation frequency (Figure 2.2a). As a frame of reference, the baseline
transformation frequencies were 8.98 x 10-7 and 9.67 x 10-7 transformants/total cells for the
dark controls of the solar and UV-C254

nm

treatments with GSH, respectively. At all
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irradiances, there were no significant differences in the fold change values compared with
those in the dark controls when GSH was added (p > 0.05). The fold changes in the
transformation frequency under the higher irradiances of 111.4 and 153.2 mJ/cm2 were
significantly decreased in the presence of GSH (i.e., GSH+) compared to those in the
absence of GSH (i.e., GSH-) under the same irradiance (p = 0.05 and 3.46 x 10-6). Similar
addition of GSH to A. baylyi exposed to UV-C254 nm resulted in a weakened concentrationdependent decrease in the transformation frequency (Figure 2.2b). There was no significant
difference in the fold change values between samples with and without GSH at all
intensities of UV-C254 nm exposure (p > 0.05), and the fold changes were still lower than
those observed in the dark.

Figure 2.2. Transformation fold changes under solar irradiance (a) and UV-C254

nm

irradiance (b) in the presence and absence of 400 µM glutathione (GSH). Transformation
rates were normalized in relation to the rates of the dark samples and are expressed as fold
changes. Significantly different values (p < 0.05) compared with the respective GSHlacking samples under the same irradiance are denoted with an asterisk (*).
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2.3.3. The increase in the transformation frequency upon solar irradiation is
associated with upregulation of genes related to DNA repair and competence.
Natural transformation occurs via two steps: DNA uptake and DNA integration
(Figure 2.3a). Genes related to these two steps were further evaluated. In the solarirradiated samples, two genes associated with competence (i.e., comA and pilX) showed a
concentration-dependent increase in the fold change in copy numbers (Figure 2.3b), with
final fold change values of 3.8 and 4.4-fold for comA and pilX, respectively. Similarly,
genes associated with DNA repair (i.e., recAddrR and uvrB) showed a concentrationdependent response with an increase in the solar exposure time (Figure 2.3b).
2.3.4. The decrease in the transformation frequency upon UV-C254 nm irradiation is not
associated with upregulation of genes related to DNA repair.
In the UV-C254 nm-exposed samples, all three genes associated with DNA repair
(i.e., recA, ddrR, uvrB) exhibited a concentration-dependent response to increasing
exposure time (Figure 2.3c). In particular, recA and ddrR presented 5.4- and 3.4-fold
changes, respectively, at the highest exposure intensity. Less than a 2-fold change in gene
expression values was observed for all the other tested genes associated with competence,
despite exposure to increasing UV-C254 nm intensities (Figure 2.3c).
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Figure 2.3. Genes involved in the natural transformation process and their fold changes in
gene expression in the presence of solar and UV-C254 nm irradiation. A simplified visual
schematic representation of the natural transformation process highlights the individual
genes involved (a). Fold changes in gene expression in A. baylyi determined by RT-qPCR
and normalized by rpoB for solar irradiation (b) and UV-C254 nm (c). The selected genes are
related to DNA damage and repair (recA , ddrR, uvrB), competence and pilus assembly
(comA, pilX). Linear regression analysis was conducted using Graph Pad Prism 8 to
determine whether the slope deviates from zero at α = 0.05.
2.3.5. A decreased transformation frequency is observed in UV-exposed donor DNA.
The gene expression profiles obtained through RT-qPCR suggest that UV-C254 nm
causes damage to donor DNA that results in increased DNA repair and should
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consequentially result in increased integration of donor DNA into the recipient’s genome.
Instead, we observed a concentration-dependent decrease in the natural transformation
frequency (Figure 2.1b). We hypothesize that this was due to the integration of UVdamaged donor DNA into the A. baylyi genome, which would not be transcribed into
functional gene products. To further verify this observation, donor DNA was subjected to
the highest tested intensity of solar irradiation and UV-C254 nm exposure in the absence of
A. baylyi prior to transformation experiments. A significant decrease in fold change values
was observed under exposure to UV-C254 nm compared to that in the dark (p = 0.003), but
no such increase was observed when exposed to solar irradiation (p > 0.05) (Figure 2.4).
The average baseline transformation frequencies for the dark controls in these experiments
were 1.07 x 10-6 transformants/total cells. The transformation fold change value when
donor DNA was first exposed to UV-C254 nm prior to transformation was 0.2-fold (Figure
2.4).

Figure 2.4. Transformation fold changes when donor DNA was subjected to solar (a) and
UV-C254 nm irradiance (b) compared to DNA kept in the dark; all samples were exposed
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without A. baylyi cells. The treated donor DNA was then introduced to A. baylyi cells for
transformation. Transformation rates were normalized in relation to the rates of the dark
samples to determine fold changes.

2.4. Discussion
A positive concentration-dependent response between solar exposure and natural
transformation in A. baylyi was observed, establishing a direct link between sunlight
exposure and an increased transformation phenotype. The increase in the natural
transformation frequency was found to be mediated by ROS, as demonstrated by the
reversion of the transformation frequency to baseline levels in the presence of glutathione
(i.e., an ROS scavenger) (Figure 2.2a). The observed increase in transformation was in
agreement with our previous transformation results in A. baylyi 35 and with recent findings
showing a correlation between ROS and HGT via conjugation 67-69.
Zhang et al. reported that oxidative stress triggered the expression of traJ, the
positive regulator for the conjugative transfer operon encoding the structural genes of the
conjugative apparatus 67. Similarly, exposure to sunlight led to a concentration-dependent
increase in the expression of comA and pilX (Figure 2.3b), two essential components of the
DNA translocation machinery in A. baylyi 70. The upregulation of these genes may result
in higher DNA translocation rates during natural transformation, as we expect that
increased abundances of these transcripts result in increased occurrence of translocation
complexes. However, the upregulation of DNA translocation alone may not fully explain
the observed increase in transformation rates, as integration of internalized foreign DNA
into the chromosome of a bacterium is generally the rate-limiting step in natural
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transformation, in which it is estimated that only 0.1% of the DNA fragments taken up by
A. baylyi are successfully integrated into the genome 71.
The integration of foreign DNA into the bacterial chromosome is dependent on
homologous recombination. Although homologous recombination varies widely among
different organisms, it relies heavily on proteins from the RecA recombinase family

72

,

which bind to single-stranded DNA and initiate the exchange of strands between
recombining DNA helices 73,74. A link between increased expression of recA and increased
transformation rates has been previously shown in Streptococcus pneumoniae
baylyi
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and A.

. In agreement with these earlier reports, A. baylyi showed a consistent

concentration-dependent increase in recA expression when exposed to sunlight irradiance
(Figure 2.3b). In addition, other genes associated with stress responses were elicited in a
similar manner. These genes included uvrB, which is involved in nucleotide excision and
repair, as well as ddrR, which functions as a DNA-damage-inducible regulon in A.
baumannii (Figure 2.3b). The observed increase in the expression of these genes suggests
that solar irradiation caused DNA damage that the bacterium was actively trying to repair.
Given that recA plays a shared role in both the repair of DNA double-strand breaks 76 and
the chromosomal integration of foreign DNA during natural transformation

77

, the

upregulation of recA in response to solar irradiation would likely result in increased
integration of donor DNA into A. baylyi ADP1.
The mutagenic and genotoxic effects of sunlight in bacterial cells are partially
attributed to the formation of ROS 78. To further test for a link between DNA repair and
the observed increase in transformation frequencies, A. baylyi cells were exposed to
sunlight in the presence of glutathione. In a previous study, we demonstrated that
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glutathione at 400 µM can effectively inhibit the mutagenic output in response to the
generation of ROS in Salmonella enterica serovar Typhimurium TA100 35. In this study,
glutathione reversed the transformation frequencies of cells exposed to sunlight irradiance
to baseline levels (Figure 2.2a). These results, together with the gene expression data,
establish a robust link between mutagenic damage caused by ROS and the increase in
transformation rates in A. baylyi. Our findings suggest that sublethal exposure to solar
irradiation is a stressor that not only contributes to a potential increase in DNA uptake but
also facilitates the integration of eDNA in the bacterial genome during natural
transformation. Solar irradiation is therefore likely to play a significant role in the
horizontal migration of eDNA discharged by wastewater treatment plants.
A previous study showed that Legionella pneumophila cells that were pre-exposed
to UV radiation exhibited increased rates of transformation 79. Nevertheless, in our study,
exposure to UV-C254 nm led to a concentration-dependent decrease in the transformation
frequency. At first glance, our results might seem to contradict the hypothesis that recA
overexpression in response to mutagens results in higher transformation rates. However, in
contrast to sunlight, UV-C254 nm is a direct and potent DNA damaging agent. As both cells
and donor DNA were exposed to UV-C254 nm in our study but not in the earlier study, in
which only cells were exposed to UV, the decrease in transformation frequencies that we
observed was likely caused by extensive damage to the extracellular donor DNA molecule
itself. Thus, even if natural transformation pathways are more active due to an increase in
recA expression, the integration of heavily damaged donor DNA will not lead to expression
of the aadA::GFP cassette (i.e., donor DNA).
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To verify this observation, we treated unstressed A. baylyi cells (not subjected to
sunlight or UV irradiance) with donor DNA that was i) pre-exposed to sunlight, ii) preexposed to UV-C254 nm irradiance, or iii) kept in the dark (Figure 2.4). The results from this
assay showed that only donor DNA pre-exposed to UV-C254 nm lost its ability to activate
transcriptional gene fusion. UV-C254 nm damage to extracellular DNA has been extensively
documented. McKinney and Pruden observed a 3- to 4-log reduction in ARG copy numbers
when DNA was exposed to 200-300 mJ/cm2 of UV 80. In accord with the mutagenic mode
of action of UV radiation (pyrimidine dimerization), the reduction in detection was strongly
associated with the presence of adjacent thymine bases in ARGs 80. In another study, Chang
et al. quantified the number of functional ARGs remaining after UV treatment by means
of a transformation assay in A. baylyi 56. When exposed to 11 mJ/cm2 of UV-C irradiance,
a 0.5-log reduction of transformability was detected, although no DNA backbone breaks
were detected. Similarly, our transformation experiments with pre-exposed DNA led to a
0.5-0.7-log reduction in transformability with no backbone breaks or DNA fragmentation
detected on the donor DNA after exposure to UV-C254 nm (Supplementary Figure A5). In
agreement with previous reports, our results confirm that the observed decrease in natural
transformation frequencies was directly linked to irreparable damage to the extracellular
donor DNA molecule.
Considering that chlorine-based disinfection can result in toxic DBPs that have
been shown to pose a potential health risk

81,82

and that both chlorine and DBPs increase

conjugation67 and natural transformation35 rates through ROS-mediated mutagenesis, UVC254 nm potentially offers a safer alternative for disinfection. Our results demonstrate that
UV-C254

nm

irradiation at sublethal concentrations inhibits transformation because it is
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capable of damaging extracellular DNA such that it becomes meaningless genetic
information. This is particularly useful considering that natural environmental stressors
such as solar irradiation can also contribute to natural transformation. Hence, damaging
eDNA by UV-C254 nm treatment in a WWTP before the eDNA can be disseminated in the
environment would minimize the risk associated with translocation and integration of
extracellular genes into the genomes of viable competent cells that may be present
downstream of the treatment process.
Despite the potential advantages associated with UV-C254

nm

disinfection, this

technology is only efficient in disinfecting waters of low turbidity and, hence, is more
appropriate for application only to MBR effluents or treated potable water. Furthermore,
this study was performed in laboratory conditions and considered the effects of solar and
UV-C254 nm disinfection strategies on cellular counts only in pure bacterial cultures and on
their natural transformation in vitro. In actual treatment systems, different bacterial
populations within the total microbial community present different susceptibilities to solar
and UV-C254 nm disinfection. For example, Gram-positive bacteria can form spores and are
generally more difficult to inactivate with UV-C254 nm than are Gram-negative bacteria 8386

. The proportion of naturally competent bacteria in the whole microbial community is

also unknown, which complicates the determination of the actual transformation
frequencies that may arise from the applied disinfection strategies. Finally, the treated
wastewater is likely to contain myriad contaminants (e.g., chemical CECs) that are
generally more complex than those evaluated in this study, and UV-C254 nm alone might not
be sufficient to ensure the overall quality of the final treated effluent. Instead, it may be
necessary to combine UV-C254 nm disinfection with other treatments, such as advanced
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oxidation, to further improve the process. Nevertheless, the findings of this study suggest
that there is a need not only to assess disinfectant strategies for their efficacy in inactivating
CECs but also to consider other unknown emerging threats such as HGT, particularly that
arising from the transformation of naturally competent bacteria with extracellular ARGs.
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APPENDIX A
Supplementary information for Chapter 2: Acquisition of Extracellular DNA by
Acinetobacter baylyi ADP1 in Response to Solar and UV-C254 nm Disinfection

A1. Solar disinfection experiments
Microcosms used for the experiments were made by using 20 mL of the overnight
pure culture in 100 mL glass beakers wrapped in black scotch tape to prevent unwanted
light penetration. The sample depth and diameter in the beaker were measured to be 1.5
and 4.9 cm, respectively. Each microcosm contained a magnetic stir bar, stirring at 300
rpm, and temperature was maintained with at 32 °C with a water bath. The tops of the
beakers were either covered with aluminum foil in the case of dark controls, or with a glass
filter (catalog number FSQ-WG280, Newport Corporation, Irvine, CA) that allows light
wavelengths ≥ 280 nm to pass through. The total simulated solar irradiance in the visible
+ UV spectrums (280-700 nm) was 7716 µW/cm2 per second. The irradiance in the UV
portion (280-400 nm) was 2252 µW/cm2 per second. The irradiance profile of the Atlas
Suntest ® XLS+ photosimulator (Chicago, IL) solar simulator was measured using a
Spectroradiometer ILT950 (International Light Technologies, Peabody, MA, USA), and
shown in Figure B1. Fluence reported in x-axes of inactivation charts in this work is based
on the aforementioned visible + UV irradiance values, calculated by multiplying
Watts/cm2/second by time to give Joules/cm2. Fluence in the UV spectrum was calculated
in the same manner using total irradiance in the UV portion. Fluence from visible + UV
light was 27.8 J/cm2 per h.
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For the light screening correction factors, prior to each simulated solar inactivation
trial, a sample from each microcosm was taken, and its absorbance at 280-700 nm was
measured using a UV-3600 UV-Vis spectrometer (Shimadzu, Kyoto, Japan). The example
of absorbance profile is shown in Figure B2. The sample’s absorbance from 280-700 nm,
and the irradiance profile of the solar simulator was used to generate a light screening
correction factor based on transmittance of light through the sample for LB media used in
the transformation experiments. The absorbance measurements are done with a path length
of 1 cm, and we assume absorbance to be linear with depth from 0-1 cm. Thereafter the
transmittance of light at each wavelength was calculated from the absorbance profile
shown in Figure B2, where 𝐴 = 1 − 𝑙𝑜𝑔10 (%𝑇). The transmittance at each wavelength,
for every 0.25 cm of sample depth, was then multiplied by the absolute irradiance at each
wavelength shown in Figure B1 to attain the attenuated values which were averaged. For
depths greater than 1 cm, the attenuated irradiance was multiplied by the measured
transmittance of 1 cm i.e., (I attenuated 0.5cm x T1.0cm = I attenuated 1.5cm), where I is
irradiance and T is percent of light transmitted. The averaged values for each wavelength
are shown in Figure B1 and the attenuated fluence for the LB media used in the
transformation experiments was 16.5 J/cm2 per h. This method of correction is solely based
on absorbance and does not address light scattering. For the inactivation tests summarized
in Figure B4, statistical analyses were performed using Minitab version 1.4.0. One-way
ANOVA was performed to compare the lengths of lag-phases, the corrected decay rate
constants and the half-life values of the different experimental conditions and isolates.
Single-regression analysis was performed to compare each slope to 0 at α = 0.05 so as to
determine if inactivation or persistence is observed.
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A2. UV-C254 nm irradiance and correction factors
Microcosms used for UV-C254 nm experiments were 5-mL glass beaker cylinders
with a radius and height of 1.6 cm and 3.2 cm, respectively. Water samples were added
into the reactor and mixed gently by a magnetic stir bar at 300 rpm, while temperature was
maintained at 32 °C with a water bath. A low-pressure mercury, monochromatic (254nm),
8-watt EL series UV lamp from UVP (Upland, CA) was placed 14.5 cm away from the
microcosms. The radiance value was 0.35 W/m2 which was measured by a UV-C254 nm
detector at that distance. Before disinfection experiment, the apparatus was warmed up for
5 min to ensure stable UV radiation fluence. For the disinfection in 1 X PBS, no correction
factor is needed due to negligible absorbance at 254 nm. However, for the transformation
assays, the absorbance of UV-C254 nm by the LB medium should be taken into account.
The value of UV-C254

nm

dose was calculated by the formula D = 𝐼 t̅ , where D

represents the UV dose (mJ/cm2), 𝐼 ̅ and t indicate average intensity of UV irradiation and
the exposure time, respectively. In detail, the original UV intensity was supposed to be I0,
after penetrating the water whose depth was Z, then the intensity turned into I (equation 1):
I = I0TZ

Equation (1)

where T represents the UV transmittance of water under UV-C254 nm.
Then 𝐼 ̅ was calculated by the following equation 2 when the water depth was d.
𝑑

𝐼 ̅ = ∫0 𝐼0 ∙ 𝑇 𝑧 𝑑𝑧 =

𝑇 𝑑 −1 𝐼0
𝑙𝑛𝑇

∙𝑑

Equation (2)

And 𝑇 = 10−𝐴∙𝑑 , where A is the water absorbance when the wavelength of UV light is 254
nm. Equation 2 is therefore represented as equation 3 below.
𝐼̅ =

1−10−𝐴∙𝑑 −1 𝐼0
2.3𝐴

∙𝑑

Equation (3)
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UV dose was calculated by multiplying the exposure time by the UV intensity, and the
formula of UV dose is represented as shown in equation 4.
𝐷=

𝐼0 𝑡[(1−10−𝐴∙𝑑 )]
2.3𝐴𝑑

Equation (4)

In this experiment, A = 3.462, d = 1.7 cm, and I0 = 0.035 mW/cm2. This equates to a
corrected irradiance of D = 0.0026t. The irradiance reported in the main manuscript are
absolute values. Based on the correction factors, the absolute irradiance values of 1.1, 2.1,
5.25, 10.5, and 31.5 mJ/cm2 correspond to 0.08, 0.16, 0.39, 0.78, and 1.55 mJ/cm2 of
average irradiance respectively, after applying the correction factors. These irradiance
values are below the general recommended UV dose of 12, 11 and 143 mJ/cm2 required to
achieve 3-log inactivation of Cryptosporidium, Giardia and virus, respectively (40 CFR
141.720(d)(1).
A3. RT-qPCR confirmation experiments
qPCR standards for the respective genes were prepared by cloning target gene
amplicons using TA Cloning Kit, with pCRTM2.1 Vector and One ShotTM (Thermo
Fisher Scientific, Carlsbad, CA, USA). Plasmids carrying the gene inserts were harvested
from transformed cells using PureYield™ Plasmid Miniprep System (Promega, Madison,
WI, USA). The extracted plasmids were sequenced to verify the insertions. Plasmid copy
numbers were calculated based on the concentration of extracted plasmid DNA and the
known sizes of vector and insert and were diluted in series from including concentrations
of 103, 104, 105, 107, and 109 copies/μL to produce a 5-points qPCR standard curves for
each gene. qPCR was performed on the samples according to the primers and cycling
conditions listed in Table B2. Reactions for each sample included 10 µL Applied
Biosystems’ Fast SYBRTM green master mix (Thermo Fisher Scientific, Carlsbad, CA,
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USA), 0.6 µL of each primer (10 µM), 1 µL of standard or cDNA template (or 1 µL H2O
in non-template controls) and 8.2 µL of molecular-biology grade water. Reactions for each
sample was done with three technical replicates. qPCR, following the relative standard
curve method, was performed using Applied Biosystems®7900HT Fast Real-Time PCR
system with 96-well block module (Thermo Fisher Scientific, Carlsbad, CA, USA) and
included a melting curve analysis. Specifically, temperature was increased from 60 °C to
95 °C at an interval of 0.5 °C/s so as to determine the melting temperature of PCR
amplicon. The quantification cycle (Cq) and dissociation curve were analyzed by the SDS
version 2.3 software. The Cq value was automatically defined by the software as the cycle
number at which fluorescence passes the detection threshold. Standard curve for each
tested gene was obtained by plotting the Cq value for each dilution point against the logtransformed concentration of each dilution.The amplification efficiencies of the standards
are shown in Table A1. The R-squared values of the standards ranged from 0.98 to 0.99
(Table A1). Thereafter, the copy numbers of each tested gene in the samples were
determined by fitting into the standard curve, and the relative concentrations of
competence-related and DNA repair genes were normalized to reference gene rpoB. These
proportions were compared in irradiated and dark samples to generate fold-change values.
All NTCs have Cq value > 30 and can be easily differentiated from the Cq obtained from
the most diluted standard (i.e., 103 copies/µL standard).
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Figure A1. Solar irradiance across wavelengths, measured from 280 to 700 nm. The black
line illustrates the irradiance measured from actual sun exposure measured in open space
at sea level at 12 pm within KAUST, Saudi Arabia. The orange line represents the absolute
irradiance profile of the solar simulator while the blue lines depicts the irradiance once
absorbance has been attenuated for.
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Figure A2. The absorbance profile of the LB media with respect to different wavelengths
from 280 to 700 nm. This graph shows how LB was attenuating the solar irradiance which
explains the loss of lethality in Figure B2, and it is likely that some of absorbance is
contributing to ROS generation.

750

A)

0

2

Time (h)
6
8

4

10

12

14

B)

1

PBS dark

-2

PBS exposed

-3

-4
-5
-6
0

100

200
Irradiance (mJ/cm2 )

300

0

2

4

6

8

10

D)

log10(N/No)

log10(N/No)

0
-2
-3
-4

LB dark
LB exposed

-5
-6
0

50

100
150
200
Irradiance (mJ/cm2)

250

300

Time (min)
10

15

20

PBS dark

PBS exposed

0

1
-1

5

1
0
-1
-2
-3
-4
-5
-6
-7
-8

400

Time (h)

C)

log10(N/No)

log10(N/No)

0
-1

0

0

10

10

20
Irradiance (mJ/cm2)
Time (min)
20

30

40

30

40

1
0
-1
-2
-3
-4
-5
-6
-7
-8

LB dark
LB exposed

0

20

40
Irradiance (mJ/cm2)

60

Figure A3. Cell count plotted against time and irradiance of simulated sunlight (A, C) and
UV-C254 nm (B, D). The cells were exposed to the different lights, while suspended in LB
or PBS, and the cell numbers of are normalized by the original cell count. The dark controls
are shown as black squares (A, B) or circles (C, D), and the exposed samples as hollow
squares or circles. When treated with solar irradiation in PBS (A), the A. baylyi population
showed a “lag phase”, not decaying significantly for 4 hours, followed by a sharp decay
phase from 4 hours and continuing until 10 h, resulting in a 4.7-log reduction of cell
concentrations. This rate of decay, taking into account the decay phase alone, results in a
5.3 minute half-life of the population. When A. baylyi was exposed to UV254 nm in PBS (B),
there was no lag-phase observed and decay continued until a 7-log reduction was achieved
after 15 minutes. This sharp decay equates to a 27 s half-life. In both solar and UV-C254 nm
treatments, the dark controls did not decay. When treated in LB, there was no decay in the
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case of solar irradiation (C), succeeding in having non-cytotoxic exposure needed for the
transformation assays. However while in LB and exposed to UV-C254 nm (D), the cells
showed a bimodal decay. Up until 31.5 mJ/cm2 (15 min) of exposure, there was ca. 0.28log reduction in cell count. We defined sub-cytotoxic effect as less than a 0.3-log reduction,
where more than 50% of the original population survives, and therefore 31.5 mJ/cm2 was
the maximum exposure time selected for the transformation assays. Subsequent exposure
times resulted in a sharper decay, leading to a 2.3-log reduction after 63 mJ/cm2 (30 min)
exposure.
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Figure A4. Transformation rates in dark and disinfection treatment with and without donor
DNA. Treatment used was solar (A) and UV-C254 nm (B). Any resistance to spectinomycin
due to spontaneous mutations under either solar or UV irradiance would have shown in
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these reactors. The transformation rates were all normalized by the rates of untreated cells
and donor DNA.

Figure A5. An electrophoresis gel image of donor DNA exposed to various types of
irradiance. The donor DNA was exposed to low and high irradiance levels, 69.6 and 153.2
mJ/cm2 for solar and 2.1 and 31.5 mJ/cm2 for UV-C254 nm. No obvious DNA fragmentation
was seen for any irradiance level, irrespective of the light source.

Table A1. List of primers and conditions used for RT-qPCR, all gene products were run under the same cycling conditions: 50 °C x 2
min; 95 °C x 20 s; 40 cycles of 95 °C x 1 s and 60 °C x 20 s.
Primer

Gene
Target

Gene function

Amplicon
size (bp)

Sequence

Amplification
efficiency

R2

103 copies vs. NTC
(Cq)

recA 139-F
recA 139-R

recA

DNA repair and
maintenance gene

139

5`-GCGTCAGGTGGTCGTAATCA-3`
5`-AGCGTAACCGCACACTACTT-3`

92%

0.988

28.3 vs. 30.2

DdR103-F
DdR103-R

ddrR

DNA damage response
repair gene

103

5`-TGCCCAAGAGCTACATGCTT-3`
5`-ATGCTCGGCTTGTTCGGTAT-3`

92%

0.991

28.5 vs. 31.4

uvrB143-F
uvrB143-R

uvrB

Subunit B of UvrABC
repair system; catalyzes
recognition of DNA
lesions

143

5`-CGTGTGAACGACAACCAACC3`
5`-TTACCCGAACCTGTAACGCC-3`

92%

0.995

28.1 vs. 33.1

comA188-F
comA188-R

comA

Pilin competence factor
required for DNA uptake

188

5`-ATTCTGCTGCTGTAACGCCT-3`
5`-TAAGGCAGGTTGCTGAGGTG3`

93%

0.994

27.2 vs. 31.6

pilX139-F
pilX139-R

pilX

putative type 4 fimbrial
biogenesis protein pilX

139

5`-GCGTCAGGTCGTAATCA-3`
5`-AGCGTAACCGCACACTACTT-3`

91%

0.982

27.4 vs. 33.8

rpoB148-F
rpoB148-R

rpoB

Beta subunit of RNA
polymerase

148

5`-CGCTGAAGGTGGCGTAAAAC3`
5`-CTCACCTGGACGCATGACTT-3`

99%

0.987

27.4 vs. 30.9

Structure

Size (kb)

Plasmid

2.1

Pyrimidine dimer sites

Total dimer sites

Amplified strand- C: 72 T: 152 (234)
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Complementary strand- C: 131 T: 270 (301)

CHAPTER 3
The use of UV/H2O2 to Facilitate Removal of Emerging Contaminants in Anaerobic
Membrane Bioreactor Effluents
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facilitate removal of emerging contaminants in anaerobic membrane bioreactor
effluents. Environmental Research, 110479.
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3. The use of UV/H2O2 to facilitate removal of emerging contaminants in anaerobic
membrane bioreactor effluents

Effluent from anaerobic membrane bioreactor (AnMBR) contains ammonia and
would require post-polishing treatment before it can be disinfected by chlorine. However,
additional post-treatment steps to remove nutrients offset the energetic benefits derived
from anaerobic fermentation. The use of chlorine or ozone also promotes concerns
associated with disinfection byproducts. This study evaluates UV/H2O2as a potential
strategy suited for the removal of pharmaceutical compounds as well as antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARGs) from AnMBR effluent. Our
findings indicate that 10 mg/L H2O2and 61.5 mJ/cm2 of UV fluence are able to achieve a
4-log removal of both Escherichia coli PI7 and Klebsiella pneumoniae L7. However, a
higher fluence of 311 mJ/cm2 with the same amount of H2O2would be required to achieve
> 90% removal of atenolol, carbamazepine and estrone. The removal of the pharmaceutical
compounds was driven by the hydroxyl radicals generated from H2O2, while UV exposure
governed the inactivation of ARB and ARGs. UV/H2O2increased overall mutagenicity of
the treated wastewater matrix but did not result in any changes to the natural transformation
rates. Instead, UV significantly reduced natural transformation rates by means of DNA
damage. Overall, UV/H2O2 could be the ideal final disinfection strategy for AnMBR
effluent without requiring additional post-treatment prior disinfection.
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3.1. Introduction
Agriculture irrigation currently accounts for approximately 70% of global
freshwater withdrawals 8,9. A continuing trend in such unsustainable use of freshwater will
exacerbate water scarcity in arid regions like the Middle East and Africa. Reusing treated
wastewater for agricultural irrigation is a potential solution to alleviate the demand on
freshwater supplies. Regulatory agencies in Middle East and Africa recommend guidelines
devised from World Health Organization or International Organization for Standardization
by listing permissible limits of fecal coliforms, biochemical oxygen demand, total
suspended solids and turbidity in treated wastewater to be used for irrigation 28. However,
emerging contaminants such as the presence of residual antibiotic-resistant bacteria (ARB),
antibiotic resistance genes (ARG) and pharmaceuticals in treated wastewater effluent are
not addressed in the current guidelines. An increase in wastewater reuse could aid in the
dissemination of antibiotic resistance, while many chemicals of emerging concern have
been shown to accumulate in a variety of crops irrigated with treated wastewater

37-39

.

These observations arise due to an inconsistent removal of contaminants by conventional
wastewater treatment plants (WWTP) that rely on secondary treatment processes 87. There
is therefore a need to enhance the removal of the aforementioned contaminants through
tertiary treatment, particularly by means of membrane filtration 42 and chemical oxidation
of wastewater 88.
Microfiltration or ultrafiltration membrane bioreactors (MBR) are being considered
as tertiary treatment technologies as the coupling of membrane to activated sludge
processes act as an additional physical barrier that can improve effluent quality by
removing particulates based on size exclusion or by adsorbing particulates on the
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membrane biofoulant layer

41,42

. To exemplify, MBRs achieve 1-3 log higher removal of

ARG compared to secondary activated sludge processes 43. The use of membrane filtration
also eliminates the need for clarifiers, hence decreasing the required land footprint and
facilitating installation of WWTP in a decentralized operation. Conventionally, MBR is
operated in aerobic mode but this is an energy intensive process. Furthermore, aerobic
MBR generates a large volume of solid wastes (i.e., sludge) concentrated with
contaminants that would need to be properly disposed. In recent years, anaerobic MBR
(AnMBR) has been explored as a more sustainable way to treat wastewater because of the
recovery of methane as an energy source and a low sludge volume production.
Regardless of the type of membrane bioreactor, a final disinfection step can be
utilized to complement the upstream treatment in inactivating bacteria and other
contaminants, hence augmenting the final cumulative log removal of contaminants.
Chlorine is a common disinfectant used in treated wastewaters. However, chlorination is
ineffective in the removal of chemicals of emerging concerns (CECs)
controlling antibiotic resistance

91,92

89,90

and in

. The use of chlorine also results in the formation of

hazardous disinfection byproducts (DBPs)

93-96

that are mutagenic and can trigger

competent bacteria to gain new genetic materials via natural transformation (MantillaCalderon et al., 2019). Furthermore, AnMBR effluent is not suited to be disinfected directly
with chlorine because AnMBR effluent is inherently ammonia-rich and likely to result in
the formation of nitrogenous DBPs upon formation of chloramines
toxic even in minute concentrations

81,82

97

, which are highly

. This implies that the use of AnMBR to treat

municipal wastewater for reuse would require further downstream nitrification and
denitrification biological systems prior to chlorine disinfection. However, the need for
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downstream nutrient removal treatment increases the footprint of AnMBR, in turn making
AnMBR less appealing as a decentralized treatment technology. It also eliminates the
possibility of using high quality treated wastewater as a potential liquid fertilizer for food
production.
In contrast with chlorine, UV is able to efficiently inactivate microorganisms due
to dimerization of pyrimidine bases in DNA when energy is absorbed in the UV-C range
55,98

. UV can also impede possible horizontal gene transfer via conjugation

99

and natural

transformation 57,80,100,101 without generating disinfection byproducts. However, UV alone
via photolysis cannot proficiently remove CECs, hence there is a need to supplement an
oxidant such as H2O2which has been shown to enhance the removal of pharmaceutical
compounds in combination with UV 50,102,103. UV/H2O2advanced oxidation process (AOP)
is therefore proposed as a treatment option for the removal of CECs from ammonia-rich
AnMBR effluent. Ammonia is ~97% transparent to the monochromatic light emitted by
low-pressure UV lamps (254nm)

104,105

, and hence the UV would be transmitted through

the water matrix effectively to inactivate ARG and ARB. UV can also react with H2O2to
generate hydroxyl radicals that degrade pharmaceutical compounds. To the best of our
knowledge, UV/H2O2 has not been demonstrated for the treatment of AnMBR effluent.
This study therefore aims to demonstrate the efficacy of UV/H2O2in removing both
biological and chemical contaminants from an ammonia-rich effluent collected postAnMBR. The AnMBR effluent was spiked with two pathogenic ARB (Escherichia coli
PI-7 and Klebsiella pneumoniae L7) and their associated plasmid-borne ARGs (blaNDM-1
and blaCTX-M-15) as well as three pharmaceutical compounds (estrone, carbamazepine, and
atenolol) commonly detected in wastewater effluent. The removal of these contaminants
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was monitored upon exposure to UV/H2O2 so as to determine the needed UV fluence and
H2O2 concentration to achieve a 90% removal of the chemical contaminants and 4-log
removal of the ARBs. Changes in mutagenicity level and natural transformation
frequencies were also monitored to determine if UV/H2O2 would provide a safe means of
disinfecting the wastewater.

3.2. Materials and methods
3.2.1. Anaerobic MBR (AnMBR) setup and parameters
The AnMBR operated in this study was of similar configuration to that operated in
an earlier study

106

. Briefly, the AnMBR was filled with cylindrical ceramic packing

medium of 1.5 cm diameter, with a 2 L working volume. Sludge was originally seeded
with a mixture of camel manure and anaerobic sludge from a wastewater treatment plant
in Riyadh, Saudi Arabia. The reactor was fed with municipal wastewater collected from
KAUST wastewater treatment plant and operated at 35 °C (mesophilic conditions) and pH
7. Prior to feeding into the AnMBR, the influent stream is added with sodium acetate and
starch to adjust the COD to approximately 800 mg/L. The organic loading rate (OLR) was
hence maintained at approximately 0.69 g COD L−1 day−1. External cross-flow flat sheet
polyvinylidene difluoride (PVDF) microfiltration (MF) membrane (GE Osmonics,
Minnetonka, MN, USA) was connected to the anaerobic fermentation tank to form
AnMBR. The membranes had a nominal pore size of 0.3 μm. The flux was maintained at
approximately 7 L/m2/h (LMH) with an average hydraulic retention time (HRT) of 27.8 h.
No sludge was wasted throughout the study. Biogas was used to scour the membrane
surface at a gas sparging rate of 300 mL/min and the total recirculation rate of AnMBR
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was maintained at 600 mL/min. The AnMBR has an average 96% COD removal
throughout the study and produced an average 219 mL CH4 per g COD. AnMBR effluent
was collected daily and stored in sterile containers placed at 4 oC prior to use for
inactivation experiments.

3.2.2 Effluent sample preparation
Fresh stocks of atenolol, carbamazepine, and estrone, each of 10 mg/mL, were
prepared less than 7 d prior to UV/H2O2 experiments. Carbamazepine and atenolol were
dissolved in the same vial containing methanol as solvent, while 1:1 methanol-water (v/v)
was used to dissolve estrone. AnMBR effluent was further filtered through 0.45 μm filter
prior to spiking in with tested contaminants. The effluent was spiked with each chemical
to achieve final individual concentrations of 50 μg/L. The spiked concentrations for these
chemicals are 223-, 41- and 37-fold greater than concentrations reported in wastewater
influent for estrone, atenolol, and carbamazepine, respectively 40,107. The chemicals were
spiked at high concentrations to facilitate detection based on protocols described in section
3.2.4.
Effluents were also spiked with ARB and ARG. To prepare the ARB, a single
colony of E. coli PI-7 and K. pneumoniaeL7, isolated and characterized in earlier studies
108,109

, were individually inoculated into sterile 50 mL LB broth supplemented with either

10 μg mL-1 of meropenem (E. coli PI-7) or 8 μg mL-1 of ceftazidime (K. pneumoniaeL7).
These ARB were used because they are carbapenem-resistant and extended spectrum betalactamase-producing Enterobacteriaceae, and are listed as priority pathogens of concern by
World Health Organization 110. The culture was incubated overnight at 37 °C and 200 rpm,
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and subsequently centrifuged at 5000 g for 10 min. The pelleted cells were washed with
1X PBS, recentrifuged at 5000 g for 10 min, and the procedure was repeated twice. The
washed cells were then concentrated and adjusted to a stock concentration of ca. 1010
cells/mL based on OD600nm readings, and subsequently spiked into the AnMBR effluent.
The final cellular concentrations were ca. 109 cells/mL for the disinfection assays. To
prepare ARG, blaNDM-1 and blaCTX-M-15 genes, responsible for meropenem and ceftazidime,
respectively, were amplified from plasmids extracted from E. coli PI-7 and K.
pneumoniaeL7, respectively, using the primers in Table B2. After running a PCR, stock
concentrations of 1014 copies/mL of each gene were obtained and subsequently spiked into
the AnMBR effluent prior to AOP treatment for final concentrations of 109 copies/mL. All
disinfection experiments described in section 3.2.3. were conducted in reactors containing
the CECs, ARB, and ARG.

3.2.3. Disinfection experiments for AnMBR effluent
UV disinfection was performed using an 8 W monochromatic UVP lamp emitting
light in the germicidal UV-C (254 nm) wavelength (Analytik Jena, Upland, CA). The
samples were placed 14.5 cm from the lamp, which resulted in 0.55 mW/cm2 of average
irradiance at 254 nm, measured with an SU-100-SS UV sensor (Apogee Instruments, Santa
Monica, CA). The emitted irradiance was calculated by multiplying the fluence rate by
exposure time

111

. Microcosms used for UV-C254 nm experiments were placed within 250

mL glass beakers, each with a diameter and height of 6.5 and 9.2 cm, respectively.
Correction factors taking sample depth and 254 nm transmittance into consideration were
calculated to determine average UV intensity throughout the sample. Only irradiances
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corrected for water quality and sample depth are reported, with further details presented in
Supporting Information Text B1. Spiked AnMBR effluent samples were added into the
reactors and mixed gently by a magnetic stir bar at 300 rpm, the temperature was
maintained at 32 °C with a water bath. Before each experiment, the UV lamp was warmed
up for 5 min to ensure stable UV radiation fluence. The disinfection experiments were
carried out with 0, 10 mg/L, and 30 mg/L of H2O2, and up to 311 mJ/cm2. Each disinfection
test was done in technical duplicates and with at least three biological replicates. As
reference for the inherent susceptibility to UV treatment from the DNA used in this study
such as DNA structure, size, and pyrimidine dimers is listed in Table B1.

3.2.4. Detection of chemical contaminants
Degradation of atenolol, carbamazepine, and estrone was monitored throughout the
UV/H2O2treatment. Prior to detection, a solid-phase extraction (SPE) was run on 200 mL
samples exposed to 0, 52, 104, 207, and 311 mJ/cm2 using an HLB Oasis column. The
operating conditions for SPE are listed in Table B3. The final eluate from SPE of each
sample was subsequently evaporated using the TurboVAP LV system at 65 oC with
constant N2 gas flow. After complete evaporation, each sample was resuspended in 500 μL
of methanol, which was used for further detection and analysis with LC/MS.
The chromatographic separation of compounds in Alginate 1260 Infinity system was
performed with a C18 column with 5 μm pore size (150 x 20 mm dimension) that was
further fitted with guard column. A binary gradient of 0.1% ammonium hydroxide buffer,
4 mM ammonium formate in 0.1 % formic acid (mobile phase A) and 4 mM ammonium
formate in methanol containing 0.1 % formic acid (mobile phase B) was used to provide
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the needed gradient for compounds separation (Table B4). The flow rate was set at 800
µL/min for 20 min running time. The mass spectrometer used was AB SCIEX QTRAP
5500. The analytes were detected using multiple reaction monitoring (MRM) in negative
mode. Detailed information on the MRM transition for each chemical were provided in
Table B5. The extraction efficiencies from the AnMBR effluent were 92% ± 6%, 84%
±4%, and 93% ±4% for atenolol, carbamazepine and estrone, respectively. Standard curves
for each CECs are shown in Figure B1.

3.2.5. Inactivation kinetics of ARB and ARG
Decay kinetics of the ARB were determined based on cell counts quantified over
time through LB agar. Log removal values (LRV) were calculated using the formula of
log10(N/No), where N = CFU x dilution factor and No= initial cellular concentration. The
ARGs were quantified via qPCR using specific target primers and probes, listed in Table
B2. The qPCR assays were conducted with an Applied Biosystems 7900HT Fast real-time
polymerase chain reaction (qPCR) System (Thermo Fisher Scientific, Carlsbad, CA). The
qPCR standard curve was produced as previously described 41 by diluting in series to obtain
concentration ranging from 102 to 108 copies/μL. Each 20 µL reaction volume consisted of
10 µL Taqman fast master mix, 1 µL of each primer (10 µM), 0.8 µL respective probe, 1
µL of DNA template and 6.2 µL molecular grade H2O. The thermal cycling profile was as
follows: 50 °C for 2 min, 95 °C for 20 s, and 40 cycles of 95 °C for 1 s, 60 °C for 20 s. The
standard curve and no-template controls (NTC) were performed in triplicate, while test
amplifications were performed in duplicate. The amplification factor of the standards
ranged from 1.89 to 2.04. All the R-squared values of trendlines were > 0.94 and all the
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NTCs have Cq values > 34. Inactivation was presented as LRV using the formula of
log10(N/No), where N= copies/µL obtained at that sampling point and No = the initial
copies/µL upon spiking.

3.2.6. Evaluation of mutagenicity levels
A modified Ames reversion assay in the tester strain Salmonella enterica serovar
Typhimurium was used to gauge toxicity of concentrated effluent as previously described
112

. Salmonella enterica serovar Typhimurium TA100 and TA98 were used for

mutagenicity tests; this assay is considered the gold standard for assessing mutagenicity in
bacterial systems caused from substitution/point (TA 100) and frameshift (TA 98)
mutations. A 400X organic fraction concentrate stock of UV/H2O2-treated water was
generated from solid phase extraction. Subsequently, 50 μL of stock was added to 950 μL
of the cellular suspension for the final concentration of 20X treated water. Concentrates
were generated from spiked AnMBR effluent after 52, 104, 207, and 311 mJ/cm2. The
mutagenicity protocol was carried out by using with a standardized ca. 109 cells mL-1 of
the tester strain (determined based on OD600nm measurements), incubated at 37°C with 20X
concentrate of treated water for 1 h. Subsequently, 100 µL of the standardized cell solution
of each strain was plated in Vogel-Bonner (VB) minimal medium. Both strains contain
mutations preventing histidine synthesis, inhibiting growth in the minimal medium.
Colonies that are able to grow in this minimal medium agar plates represent a reversion of
these mutations due to exposure to a mutagen. The histidine revertant colonies were
enumerated by colony forming unit counts on agar plates after 72 h of incubation at 37 °C.
The results were expressed as fold changes, which was determined by normalizing the
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revertant counts by the negative control of 50 μL PPB for every mutagenicity assay. Each
condition was tested with biological triplicates.

3.2.7. Evaluation of extracellular DNA integrity
To evaluate the changes in the extracellular DNA integrity after the proposed
disinfection strategy, natural transformation assays were done using the reporter strain of
A. baylyi ADP1 (BD413) along with its extracellular donor DNA 58. Briefly, the reporter
strain lacks a functional promotor for genes encoding for spectinomycin resistance (aadA)
and fluorescence (GFP). The donor DNA carrying the functional promotor was generated
by PCR using the pCLT cloning vector as template

35

. The primer set of 5′- ATT ATT

GAA TTC GGT AGA GCC GTT TAT GAA-3′ forward and 5′-TTT GCC CAC TAC CTT
GGT GAT-3′, amplifies the necessary donor DNA (2.1 kbp), which following translocation
into the cell, can integrate into the reporter strain’s genome via homologous recombination
35

. Integration of the promoter carried by the donor DNA activates the transcription of the

gene fusion, restoring spectinomycin resistance and fluorescence by A. baylyi ADP1 58. In
these assays, only the donor DNA was exposed to the UV/H2O2 treatment, and the reporter
strain remained unexposed to ensure the change in natural transformation rates was strictly
due to DNA integrity and not any potential damage to the reporter strain. The donor DNA
was spiked into AnMBR effluent at a final concentration of 2 µg/mL and exposed to
irradiances of 0-311 mJ/cm2 with H2O2 concentrations of 0, 10, and 30 mg/L. After the
varied UV/H2O2 conditions, the donor DNA containing wastewater sample was transferred
to a 2-mL centrifuge tube containing ca. 106 cells/mL of the reporter (A. baylyi ADP1) in
LB broth, and the assay tubes were then placed in a shaker at 37 °C for a 24 h duration of
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transformation. Each set of tests were done with three sets of controls, namely one without
donor DNA and exposed to UV/H2O2, one with respective H2O2 but kept in the dark for
the given amount of time, and another without H2O2 and kept in the dark. To quantify
transformation frequencies, 100 µL from the final assay tubes were plated on LB agar
containing 100 μg/L of spectinomycin, 50 µg/L of kanamycin and 50 µg/L of rifampicin.
The number of CFU that grew on these agar plates represent the transformant counts. These
numbers of CFU were divided by the CFU on LB without spectinomycin but with
kanamycin and rifampin, which represent the total number of cell counts. Each test was
normalized by the dark control without H2O2 to compute fold-changes in natural
transformation frequencies. Statistical differences were determined by comparing the
transformation frequencies at each irradiation level to those in the dark using one-way
ANOVA. All experiments were tested in biological triplicates.

3.2.8. Water quality and parameters of MBR effluent
Levels of COD, ammonia, and nitrate were measured using Hach kits based on
manufacturer’s protocol, while turbidity was measured using a Hach turbidity meter
(Loveland, CO, USA). SUVA was determined by dividing absorbance at 254 nm,
measured using a UV-3600 UV-Vis spectrometer. Dissolved organic carbon (DOC) was
determined using Shimadzu TOC-V total organic carbon analyzer after passing water
samples through a 0.45 µm filter. The pH of each sample was measured using a Fisher
Scientific Accumet AB150 benchtop meter. To determine the effect of the overall water
quality on hydroxyl radicals, nitrobenzene degradation was measured, using high
performance liquid chromatography (HPLC), throughout UV/H2O2 treatment. The
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presence of hydroxyl radicals with nitrobenzene will result in the degradation of
nitrobenzene to nitrophenols in a dose-dependent rate 113. The results are shown in Figure
B2 and the method is further detailed in Supporting Information Text B2.

3.3. Results
3.3.1. Degradation of chemical contaminants
At 10 and 30 mg/L H2O2 for all three CECs analyzed in this study, there was a
fluence-dependent increment in percent degradation of each compound (Figure 1). In the
case of atenolol, a beta blocker used to treat high blood pressure, there was no significant
difference in the degradation percentage with increasing fluence in the absence of H2O2.
However, once H2O2 is added, hydroxyl radical formation significantly increased the
degradation of atenolol significantly after just 52 mJ/cm2 albeit at 30 mg/L of H2O2 (Figure
1A). With increasing UV fluence >104 mJ/cm2, no difference in degradation percentage
was observed when H2O2 was increased from 10 to 30 mg/L. Average percent degradation
at 311 mJ/cm2 was also similar to 207 mJ/cm2 for equal concentration of H2O2. The
maximum degradation of atenolol was 97% at 311 mJ/cm2 and 30 mg/L H2O2, but this
percentage was not significantly different from the 96% achieved at 311 mJ/cm2 and 10
mg/L H2O2 (Table B6). For carbamazepine, an antiepileptic drug, a significant
improvement compared to 0 mg/L H2O2 was detected at 10 mg/L H2O2 after 207 mJ/cm2
of UV exposure. Meanwhile a significant improvement in degradation upon increasing
H2O2 concentration from 0 mg/L to 30 mg/L was achieved at 52 mJ/cm2 onwards. The
maximum degradation percentage of carbamazepine was 98%, achieved at 30 mg/L and
311 mJ/cm2 but this value was not different from the 97% achieved at 311 mJ/cm2 and 10
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mg/L H2O2 (Table B7). The addition of H2O2 significantly increased the degradation of
estrone, a female sex hormone, even at the lowest irradiance of 52 mJ/cm2. Thereafter, a
maximum estrone degradation achieved with UV/H2O2 was 92% at 30 mg/L H2O2 and 311
mJ/cm2 (Table B8). The significance of the addition of H2O2 is highlighted by the changes
in the rate constants, assuming a second-order reaction for all H2O2 concentrations. The kvalues increased by 2.8, 2.0, and 1.39–fold for atenolol, carbamazepine, and estrone,
respectively, when increasing the H2O2 concentration from 10 to 30 mg/L at 311 mJ/cm2
exposure (Table B9). How the removal in the AnMBR effluent compared to available
predictive models is explained by the supporting information B3, and figure B3.
(B)
100

80

80

60
40
20

(C)
0 mg/L

10 mg/L

30 mg/L

100

80

% Degradation

100

% Degradation

% Degradation

(A)

60

40

20

0
100

200

300

40

20

0
0

60

0

0

100

200

300

0

100

200

300

Irradiance (mJ/cm2)

Figure 3.1. Percent degradation of (A) atenolol, (B) carbamazepine, and (C) estrone as a
function of both fluence (i.e., 0, 52, 104, 207 and 311 mJ/cm2) and H2O2 concentrations
(i.e., 0, 10 and 30 mg/L).

3.3.2. Inactivation of ARB
The inactivation of ARB E. coli PI7 and K. pneumoniaeL7 in AnMBR effluent are
shown in Fig. 2. The slope determination and decay kinetics were calculated using the
sampling points between 0-52 mJ/cm2, where consistent logarithmic decay was observed
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throughout all samples with R2 values all above 0.88. The average slopes from the
inactivation curves of E. coli PI7 were -0.01, -0.12, and -0.13 log-removal per mJ/cm2 for
0, 10 and 30 mg/L H2O2, respectively. The slopes were then used to calculate the
irradiances needed for a 4-log inactivation of E. coli PI7 in the AnMBR effluent, which
were 35.7, 25.2, and 25.4 mJ/cm2 for 0, 10, and 30 mg/L H2O2. The addition of 10 mg/L
significantly increased the inactivation rates of E. coli PI7 (Fig. 2A) based on slope
comparisons (P-value = 0.02), however further increasing H2O2 concentration to 30 mg/L
did not have a significant effect (P-value = 0.54). This same pattern can be seen when
comparing the first-order rate constants. The average k-values for 0, 10 and 30 mg/L
throughout the same 0-52 mJ/cm2 period are 2.22 x 10-1, 2.77 x 10-1, 3.82 x 10-1 cm2/mJ
(Table B10). Following logarithmic decay, there was a disparity observed in the residual
cellular concentration of E. coli PI7 (from 104-311 mJ/cm2); being 2-log less when spiked
with 10 mg/L compared to 0 mg/L (Fig. 2A).
The inactivation of K. pneumoniae L7 (Fig. 2B) was less altered by the addition of
H2O2 compared to E. coli PI7. Only the use of 30 mg/L H2O2 had a significant effect of
inactivation rates compared to 0 mg/L H2O2 (P-value = 0.02) when comparing slopes from
0-52 mJ/cm2. However, the comparison slopes of 10 vs. 30 mg/L were not different. The
decay kinetics from 0-52 mJ/cm2 also slightly increased in the case of K. pneumoniaeL7,
whereby the k-values are 2.07 x 10-1, 2.28 x 10-1, 2.47 x 10-1 cm2/mJ (Table B10). The
required doses for a 4-log inactivation are 37.7, 33.1, and 31.6 mJ/cm2 when using 0, 10,
or 30 mg/L H2O2, respectively. Again, there was a disparity in average residual K.
pneumoniaeL7 cell concentrations from 104-311 mJ/cm2, which differed by 0.9-log
between 0 and 10 mg/L H2O2 (Fig. 2B).
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Figure 3.2. Inactivation curves of (A) E. coli PI7 and (B) K. pneumoniaeL7 as a function
of UV exposure at varying H2O2 concentrations.

3.3.3. Inactivation of extracellular DNA
Degradation of extracellular DNA associated with ARGs was quantified using
qPCR (Fig. 3). The ARGs were spiked at 106 copies/µL; the detection limit was 102
copies/µL. Degradation of ARGs was governed by UV exposure rather than the addition
of H2O2 to UV. Without H2O2 , there is a clear positive UV-dose dependent relationship
and the degradation of blaCTX-M15 (Fig. 3A), with a slope of 0.008 log-removal per
mJ/cm2 and an R2 of 0.97 from 0-311 mJ/cm2 and a k-value of 2.43 x 10-2 cm2/mJ when
normalized by irradiance (Table B11). Without H2O2, there was a maximum removal of
2.7-log at 311 mJ/cm2 which was different to that achieved at 104 mJ/cm2 of exposure but
not to that achieved at 207 mJ/cm2 (Table B12). The addition of 10 mg/L H2O2 did not
significantly increase degradation of blaCTX-M-15 at any irradiance, however, at 311 mJ/cm2
there was an average degradation of 3.3-log, which is a 0.6-log more degradation compared
to 0 mg/L H2O2. Interestingly, at 30 mg/L H2O2 there was no statistical difference at any
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irradiance when comparing to 0 mg/L at any of the tested fluence as a pairwise comparison.
Overall the maximum addition of H2O2 (30 mg/L) resulted in just a 1.2-fold increase in the
rate constant k over the 311 mJ/cm2, compared to 0 mg/L H2O2 (Table B11).
In the degradation of blaNDM-1, the same UV concentration-dependent response was
noted (Fig. 3B). At 0 mg/L H2O2, there was an increment in degradation with increase in
UV dose following an average slope of 0.006 log-removal per mJ/cm2 and an R2 of 0.93
from 0-311 mJ/cm2. A maximum removal of 2.1-log was achieved at 311 mJ/cm2, however
there was no significant increase in degradation after 104 mJ/cm2 (Table B13). With the
addition of 10 mg/L H2O2, there was no significant difference at any irradiance compared
to 0 mg/L apart from 311 mJ/cm2, where average degradation was increased to 2.9-log.
Further increasing the H2O2 to 30 mg/L did not result in improvement in LRV compared
to that at 10 mg/L nor 0 mg/L at each respective fluence. Lack of statistical significance in
the changes of LRV as a result of increasing H2O2 concentration indicates that the removal
of extracellular DNA was more governed by UV fluence rather than H2O2 concentrations.
The rate of that removal over the 311 mJ/cm2 exposure, represented by k increased slightly
from 2.28 x 10-2 (0 mg/L H2O2) to 3.20 x 10-2 (10 mg/L H2O2) and 3.34 x 10-2 (30 mg/L
H2O2) as shown in Table B11.
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Figure 3.3. Inactivation of (A) blaCTX-M-15 and (B) blaNDM-1 genes as a function of fluence
and at varying H2O2 concentrations.

3.3.4. Mutagenicity effects of UV H2O2 -treated water
Salmonella enterica serovar Typhimurium TA98 and TA100 were used as mutagenicity
assays to assess possible frameshift and point mutations, respectively, using concentrated
water samples at each level of treatment (Fig. 4). The initial spiked effluent, prior to
treatment showed no difference to the negative control for either strain. Treated effluent
without H2O2 did not illicit a mutagenic response at any irradiance compared to the notreatment sample in TA 100 (Fig. 4A). There was however a significant increase in
mutagenicity at 10 and 30 mg/L H2O2 starting at 104 mJ/cm2 (Table B14). The maximum
mutagenic response of 1.7-fold was observed after 311 mJ/cm2 and 30 mg/L H2O2 in
TA100. Furthermore, our results found no significant toxicity increment due to UV/H2O2
treatment for all tested conditions using TA98 (Fig. 4B, Table B15).
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Figure 3.4. Mutagenic response (A) TA100 and (B) TA98 as a function of exposure to
20X concentrated water samples collected after no treatment and various UV fluence with
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10 mg/L H2O2. Positive control denotes mutagenic response upon exposure to 100 μg/mL
sodium azide.

3.3.5. Transformability of DNA
Although there was increase in mutagenicity associated with the treated wastewater matrix
(section 3.3.4.), there was likewise a positive UV dose-response in DNA damage that
further prevented successful natural transformation of extracellular DNA that are present
(Fig 5). Without H2O2, the natural transformation frequency reported at 311 mJ/cm2 UV
exposure was 0.3-fold compared to dark control, which was significantly different to all
other irradiances without H2O2. The addition of 10 mg/L H2O2 resulted in a 0.2-fold
induction that was not different to UV alone at 311 mJ/cm2 (Table B16). The addition of
30 mg/L H2O2 resulted in a significant difference in transformation fold-induction to 0
mg/L H2O2 at every irradiance (Fig. 5). At the maximum tested irradiance, there was a
0.05-fold induction in natural transformation, or a 1.34 log reduction compared to the dark
controls.
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Figure 3.5. Integrity of extracellular DNA damage assessed by natural transformation
assay. Extracellular DNA was exposed to various UV fluence with varying concentrations
of H2O2.

3.3.6. Water quality
Both ammonia and COD were oxidized by H2O2, and the oxidation increased with UV
fluence (Table 3.1). The ammonia concentration was slightly reduced when exposed to 52311 mJ/cm2, although the difference was insignificant compared to untreated sample.The
COD level reduced by 72% after UV/H2O2. Both turbidity and SUVA also decreased after
UV/H2O2 exposure on AnMBR effluent, hence resulting in improved transmittance of the
treated effluent. As AnMBR effluent was derived after a microfiltration membrane, the
initial transmittance of 72% suggests suitability for UV/H2O2 treatment. However, a
scavenging effect for the hydroxyl radicals generated from H2O2 was observed for the
AnMBR effluent (Fig. B2). At 10 mg/L H2O2, the amount of nitrobenzene was significantly
higher in the AnMBR effluent than that detected in MilliQ water at > 207 mJ/cm2 (P-value
= 0.043), indicating a corresponding lower degradation of nitrobenzene in AnMBR effluent
than MilliQ could be due to the scavenging effect of organic constituents in the treated
wastewater.
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Table 3.1. Water quality parameters of the AnMBR effluent before and after spiking with
all contaminants and during AOP treatment supplemented 10 mg/L H2O2.

pH
AnMBR effluent
After spiking
52 mJ/cm2
104 mJ/cm2
207 mJ/cm2
311 mJ/cm2

Ammonia
(mg/L NH3-N)

COD
(mg/L)

DOC
(mg/L)

Turbidity
(NTU)

SUVA
(m-1 mg-1 L)

Transmittance
(254nm)

8.02

20.06

24.5

12.09

1.32

0.47

88 %

(± 0.04)

(± 1.46)

(± 3.39)

(± 2.46)

(± 0.25)

(± 0.20)

(± 2.14)

8.30

19.9

125.5

39.2

4.54

0.36

72 %

(± 0.13)

(± 0.4)

(± 0.57)

(± 3.42)

(± 0.35)

(± 0.09)

(± 1.56)

8.77

16.2

77.6

23.4

4.59

0.35

87 %

(± 0.05)

(± 0.4)

(± 9.26)

(± 4.16)

(± 0.07)

(± 0.30)

(± 6.94)

8.24

16.7

57.5

16.7

2.40

0.21

92 %

(± 0.16)

(± 1.9)

(± 3.54)

(± 2.91)

(± 1.03)

(± 0.09)

(± 2.69)

8.31

14.9

41.5

14.4

2.93

0.24

92 %

(± 0.08)

(± 0.4)

(± 7.78)

(± 3.24)

(± 0.62)

(± 0.08)

(± 3.13)

8.37

13.7

35

14.2

2.32

0.23

93 %

(± 0.06)

(± 3.6)

(± 8.49)

(± 5.14)

(± 0.62)

(± 0.20)

(± 1.86)

3.4. Discussion
AnMBR is increasingly being considered as a sustainable technology for treating municipal
wastewaters. Recent demonstrations of several pilot-scale AnMBR in Spain, Italy, Korea
114-116

reported a LRV of > 4 -log for coliforms

115,117

, which would not be sufficient to

meet the requirement for reuse purposes. Despite good LRV achieved by AnMBR alone,
most guidelines still require the tertiary treated wastewater to be disinfected prior to reuse
and that certain contaminants (e.g. dioxane) would have to be removed by no less than 0.5log to meet the California Code of Regulations (CCR) Tittle 22. AnMBR would therefore
have to be coupled with disinfection strategy in order for it to be used as one of the
mainstream technologies to treat municipal wastewater.
When choosing an appropriate alternative disinfection strategy, consideration of
the (i) practicality, (ii) efficacy of a broad range of contaminant removal, and (iii) minimal
DBP formation (and hence low mutagenicity and horizontal gene transfer rates) would be
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of great importance. Ranking well in the three evaluated parameters would include
UV/H2O2 , O3/H2O2 , and UV/Cl2

118

. Strong oxidants such as ozone or OH radicals

consume DBP-forming precursors, lowering the risk arising from DBP formation by
technologies such as UV/H2O2 and O3/H2O2. While O3/H2O2has been shown to be more
economic for the removal of CECs

119

, the main drawback for ozone-based treatment in

bromide-containing waters is the formation of bromate 120. Albeit, in ammonia-containing
waters like that of AnMBR effluent quench HOBr, a bromate intermediate, lowering
bromate formation by up to 4-fold

121,122

. This process, however, requires specific

conditions including an oxidative treatment step (chlorine/ozone) and minimizing OHradicals (lowering pH) to ensure HOBr formation 122 (Soltermann et al., 2017). The use of
ozone would therefore require optimization on-site and incur additional chemical costs for
disinfection.
Although the transmittance of the AnMBR effluent was ca. 72% (Table 3.1) and
that the spiking of contaminants (e.g. ARB) at high concentrations would cause
aggregation and light scattering, the results still showed a relatively high inactivation
efficiency of both ARB (5 LRV) and ARG (2 LRV). This inactivation is mainly contributed
by UV rather than H2O2, previously demonstrated in 123, where UV-C treatment with and
without H2O2 gave the same kinetic constant (2.30 min-1). The inactivation efficiency
achieved in this study agrees with that reported by previous studies which saw 6 LRV of
ARB in filtered wastewater after 3 min 124, and 1.5-3.6 LRV for ARG after 124mJ/cm2 of
UV/H2O2treatment with 10 mg/L H2O2 in pure water after 125 mJ/cm2 101. Our results show
that particularly at higher exposure, there was a significant increase in total ARB
inactivation. Following the addition of H2O2, there was an improvement in ARB
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inactivation, which agrees with another study that also saw a 1-3 log increase in bacterial
inactivation in humic-containing surface waters at > 311 mJ/cm2 125. However, this study
observed slightly lower inactivation rates of ARGs with k-values of up to 3.34 x 102

compared to that observed earlier, namely k = 6.1 x 10-2101 and k = 1.1 x 10-1 56. Amplicon

length and water quality are likely the main contributors to this discrepancy among the kvalues.
In contrast, UV alone is not that effective against CECs and would require the
addition of H2O2 for the purpose of removing pharmaceutical compounds

50

. H2O2 is

photolyzed to form hydroxyl radicals which react non-selectively with organic and
inorganic compounds present in the wastewater matrix

126

. Possible radical scavengers

present in the water effluent limit the applicability of AOP, and generally wastewater with
residual organics would require higher H2O2 concentrations to achieve effective
degradation of CECs

127

. Furthermore, in this study, there was also scavenging by

methanol, which was introduced as the solvent for the CECs. After spiking, there was 0.19
mM methanol in the AnMBR effluent which is oxidized and consumed relatively quickly
by the OH radicals. This would mean that higher UV irradiances might also be needed
under these circumstances. Nevertheless, with 207 mJ/cm2 and 10 mg/L of H2O2, we were
able to achieve 90% reduction of the pharmaceutical compounds which was comparable to
a study by Rosario Ortiz et al 2009, where they observed a >90% degradation of atenolol
and carbamazepine from tertiary effluent with similar UV transmittance albeit with 20
mg/L H2O2and 500 mJ/cm2 127.
Although this study only measured degradation and removal of the parent
compound, it is well established that transformation products form as a result of both
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oxidation

128

and photodegradation

129

.We observed that regardless of the fate of these

CECs, there was a slight increase in mutagenicity arising from point mutations which was
not observed prior to disinfection. Mutagenicity has been demonstrated to increase natural
transformation among competent bacteria

35,100

. Despite components of UV/H2O2

promoting the transfer of genetic components due to increase mutagenicity, there was no
observed increase in the transformation frequency (Figure 5). This is likely due to the
damage of extracellular DNA by UV exposure, which can preemptively inhibit successful
HGT

56,57,100

and has its positive implications for the potential spread of antibiotic

resistance and/or gaining of new functional traits. In this study, we only consider
inactivation rates of extracellular DNA exclusively, ignoring intracellular DNA which has
been shown to have slower kinetics 80. In 80 after 100 mJ/cm2 of UV-C irradiance of four
different genes there was an average 0.14 LRV increase in removal of extracellular genes
compared to its intracellular equivalent, but greater variation between the four genes. This
suggests that the size and nucleic acid arrangement of the DNA in question are more
significant factors than whether DNA is contained within a cell or not.
While the findings in this study suggest that UV/H2O2 is effective against CECs,
ARB and ARGs, these experiments were performed in a batch mode with significantly
smaller volumes and higher initial concentrations than that present in full-scale operations.
While higher CEC and cellular concentrations help with detection resolution, it also
worsened water quality. In real wastewater, relative rate constants of the dissolved fraction
(CECs, dissolved organic matter (DOM), cells, etc.) with either UV or OH-radical will
determine the degradation rate and this will heavily vary on a case-to-case basis. For this
reason we see large variations in removal of chemical contaminants in wastewater

40

.

80
Furthermore, the effluent used in this study came from an anMBR equipped with at 0.3 m
nominal pore size microfilter. The effluent was further filtered by a 0.45 m syringe filter
to minimize contamination risk for our culture-based quantification methods. We
acknowledge that is equivalent to a double stage filtration process that would improve
water quality. However, we did not observe a significant change in turbidity before and
post-0.45 m filtration (data not shown). Such batch mode disinfection would also not be
feasible in practical applications without incurring a large footprint. When upscaling the
disinfection system for full-scale operations, adjustments to the needed fluence and
concentrations may be needed to achieve the reported removal values. This can be done
for instance, by allowing a suitable hydraulic flow rate through a flow-through UV reactor
to ensure sufficient contact time between the UV/H2O2 and the AnMBR effluent.

81
CHAPTER 4

4. Conclusions
4.1. General conclusions
The benefits of water reuse are undeniable and ultimately necessary to address
water scarcity, however, reusing wastewater is not exempt from threatening public health.
There is mounting evidence that there is a need for monitoring and controlling emerging
contaminants throughout wastewater treatment. Cellular responses of competent cells to
mutagens could increase the spread of ARGs35,100, while chemical contaminants can be
metabolized, transformed, and bioaccumulated by plants38. This emphasizes the need to
upgrade current secondary and tertiary treatments to be specifically designed to target and
remove CECs. Such upgrades require assessment of risk and treatment strategies.
Chapter 2 of this thesis looked at cellular responses in competent cells in coping
with environmental stressors and using UV-C254 nm as a way to prevent successful natural
transformation despite upregulation of competence related genes. DNA damage inflicted
by UV-C254 nm has been well documented, and previous studies have used transformation
as a quantification method for the removal of intracellular and extracellular ARGs56,57.
However, considering the effect of eDNA exposure on transformation with naturally
competent cells simultaneously exposed to the same UV intensities were not entirely
addressed prior to our studies. In addition, our study also provided a first insight into the
conducive role of solar irradiation towards natural transformation. We showed that the
increase in natural transformation rates due to solar irradiation were attributed to increases
in the expression of genes involved in DNA repair and homologous recombination (recA,
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ddrR, and uvrB). Sublethal UV-C254 nm exposure also induced expression of those same
genes, but the increased inflicted direct damage to the eDNA, compared to sunlight,
prevented successful expression of the marker genes. Both UV and solar irradiation are
used as disinfection strategies, but the main fundamental difference between these two
stressors is that UV-C254 nm directly damages DNA, while sunlight exposure relies mostly
on ROS formation for disinfection. While ROS exposure at high concentrations can kill
microorganisms, ROS-mediated mutagenesis is known to increase rates of both
conjugation67 and natural transformation35. Restoring baseline natural transformation rates
with the addition of glutathione, a ROS scavenger, confirmed that the increase in
transformation from solar irradiation was indeed governed by ROS generation.
Irrespective of the wastewater treatment, ARGs, are ubiquitously found in
wastewater effluent and will be presented to the microorganisms in the receiving
environment along with mutagenic stressors such as disinfection byproducts (DBPs) and
antibiotics and/or environmental stressors such as sunlight. Our results suggest that despite
a potential upregulation in genes related to horizontal gene transfer as a response to
mutagenic stressors, the integration of extracellular DNA damaged by UV-C254 nm may not
lead to the expression of the genes harbored in the genetic material. UV-C254 nm could
therefore offset some of the concerns associated with disseminating ARGs into the
environment. Despite our promising results, the experiments were conducted with only
pure cultures and their natural transformation rates in vitro. While natural transformation
is the main molecular mechanism of increase risk of the dissemination of ARGs, the
proportion of environmental competent bacteria is not known. Hence, it is not clear how a
few-fold increase in transformation frequencies like what was observed in our study would
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translate to true risk in the environment. Furthermore, treated wastewater will likely
contain many other chemical compounds such as the chemical CECs mentioned throughout
this dissertation which could have additive, synergistic or antagonistic effects on natural
transformation. Finally, CECs likely to be present are not efficiently removed by UV-C254
nm

treatment alone, and reduction in natural transformation rates achieved by UV-C254 nm is

not enough to justify a change in treatment strategies.
Chapter 3 took some of these concerns into account to determine how a UV-based
AOP (UV/H2O2) would remove microbial and chemical emerging contaminants of
AnMBR effluent. Membrane bioreactors are regarded as upgrade to CAS, and when run
with anaerobic sludge addresses some of the energy concerns associated with MBR and
the high nutrient content makes it ideal for agriculture irrigation. UV treatment of AnMBR
effluent is an attractive option because the high levels of ammonia present in AnMBR
effluent exhibits low absorption in the UV range. High ammonia water should not be
treated with chlorine due to nitrogenous DBP concerns, and ozone can oxidize ammonia
which would offset some of the benefits unique to AnMBR effluent. Therefore, we tested
UV/H2O2 for removal rates of ARB, ARG, CECs, and tested the final effluent for toxicity.
We demonstrated through this project that with 10 mg/L H2O2 and with 61.5, 207
and 311 mJ/cm2 of UV-C254 nm, respectively, one can achieve 4-log ARB reduction, 2-log
ARG inactivation, and 90% removal of pharmaceutical compounds in AnMBR effluent.
Removal of atenolol, carbamazepine, and estrone was governed by hydroxyl radical (OH)
formation from the addition of H2O2 while ARB and ARG inactivation was attributed to
direct UV exposure rather than oxidation via OH radical. The AOP treatment resulted in a
higher mutagenicity (<2-fold) of the treated effluent, however it did not increase natural
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transformation rates when untreated cells (A. baylyi ADP1) were exposed to this effluent
containing donor DNA because of the same reasons previously mentioned in chapter 2.
These observations suggest that UV/H2O2 can be implemented as an efficient and safe
disinfection strategy to target both microbial and chemical contaminants from high
ammonia containing effluent.
Despite reporting high removal rates in our study, these experiments were done in
lab-controlled environment, and with significantly higher concentrations of all
contaminants to what is expected in treated effluent. AOP-facilitated CEC removal
depends heavily on water quality and reactivity with the contaminants of concern;
therefore, rate constants will vary greatly among different wastewater streams.
Furthermore, to prevent microbial contamination of our effluent, prior to use it was filtered
through a 0.45μm syringe filter which is equivalent to a double stage filtration and could
affect the water quality that leads to increased removals. Nevertheless, our results act as
evidence that UV-based AOP could be applicable to treated wastewater but would require
more field testing of its efficiency.

4.2. Future Work
Despite greater interest in research dedicated to wastewater reuse, such as the work
presented in this dissertation, there are still knowledge gaps to ensure public safety from
consuming wastewater irrigated crops. There has been evidence of increases in ARB
downstream of WWTP discharge, but the transfer of ARG within receiving microbial
communities or whether ARG will give the bacteria a competitive advantage to further
increase their persistence has not yet been determined. The further risk associated with
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ARG persistence to public health has also not been established. Our work shows a failure
of gene expression due to UV-inflicted damage, despite possible successful integration of
eDNA and upregulation in DNA repair genes, however our natural transformation assays
were done in the dark and did not consider DNA reactivation. More research must be done
on DNA repair of UV-damaged eDNA that may be transformed successfully upon repair.
Generally, there is a need for a holistic understanding on how much HGT is affected in
environmental microbial communities as a consequence of WW irrigation and determine
the associated risk to public health.
UV-based treatment strategies are only viable for high-quality effluents such as
those from MBR, but not all treatment plants needing to improve removal of CECs will
have the option to redesign their treatment plants and will require retrofitting an existing
treatment. Advanced oxidation processes provide a suitable option as a “post-treatmenttreatment”, as they are based on the generation of OH-radicals which can improve water
quality while degrading CECs, ARG, and offer disinfection of residual bacteria. The main
AOP include O3, UV/O3, O3/H2O2, and other emerging technologies based on
photocatalysis. The ideal treatment option will depend heavily on the water quality and
there is a need for a comprehensive cost/performance analysis on different AOP treatment
options for CEC and ARG removal in varying wastewater qualities. Furthermore, there is
a need to establish surrogate water quality parameters and compounds, specific to a
selected AOP, to generate robust AOP-specific models for wastewater treatment. One large
concern with AOP for CEC removal is the large knowledge gaps regarding degradation
intermediates. CECs are not always completely mineralized when oxidized which may
result in even more toxic intermediates and therefore parent compound surveillance may
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not be sufficient to mitigate risk. There are large knowledge gaps in intermediate pathways
within wastewater matrices, making predictability of their risk or removal challenging.
Adsorptive technologies such as granular/powder activated carbon offer a potential
solution after AOP to physically remove potentially harmful compounds. Including a
toxicity component as an added water quality parameter could be critical for mitigating
downstream risks.
While this dissertation provides crucial information for considerations in
wastewater treatment and reuse, there continues to be knowledge gaps in the true risk and
impact of wastewater reuse. By devising future studies that aim to continuously improve
the understanding of risk to public health, best strategies can be incorporated accordingly
to treat wastewater and consequently increase public acceptance of wastewater reuse.
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APPENDIX B
Supplementary information for Chapter 3: The use of UV/H2O2 to facilitate removal
of emerging contaminants in anaerobic membrane bioreactor effluents

B1. UV-C254 nm irradiance and correction factors
A low-pressure mercury, monochromatic (254nm), 8-watt EL series UV lamp from UVP
(Upland, CA) was placed 14.5 cm away from the microcosms. The radiance value was 0.55
mW/cm2 which was measured by a UV-C254 nm spectrophotometer at that distance.150-mL
microcosms used for UV-C254 nm experiments were in 250-mL glass beaker cylinders with
black electrical tape surrounding each beaker to reduce light interference. Water samples
were added into the reactor and mixed gently by a magnetic stir bar at 300 rpm, while
temperature was maintained at 32 °C with a water bath.
The value of UV-C254 nm dose was calculated by the formula D = 𝐼 t̅ , where D represents
the UV dose (mJ/cm2), 𝐼 ̅ and t indicate average intensity of UV irradiation and the
exposure time, respectively. In detail, the original UV intensity was supposed to be I0,
after penetrating the water whose depth was Z, then the intensity turned into I (equation
1):
I = I0TZ

Equation (1)

where T represents the UV transmittance of water under UV-C254 nm. Then 𝐼 ̅ was
calculated by the following equation 2 when the water depth was d.
𝑑

𝐼 ̅ = ∫0 𝐼0 ∙ 𝑇 𝑧 𝑑𝑧 =

𝑇 𝑑 −1 𝐼0
𝑙𝑛𝑇

∙𝑑

Equation (2)
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And 𝑇 = 10−𝐴∙𝑑 , where A is the water absorbance when the wavelength of UV light is
254 nm. Equation 2 is therefore represented as equation 3 below.
𝐼̅ =

1−10−𝐴∙𝑑 −1 𝐼0
2.3𝐴

∙𝑑

Equation (3)

UV dose was calculated by multiplying the exposure time by the UV intensity, and the
formula of UV dose is represented as shown in equation 4.
𝐷=

𝐼0 𝑡[(1−10−𝐴∙𝑑 )]
2.3𝐴𝑑

Equation (4)

In this experiment, A = 0.145, d = 4.5 cm, and I0 = 0.55 mW/cm2. This equates to a
corrected irradiance of D = 0.52t. The irradiance reported in the main draft are absolute
values based on the previously measured irradiance. Based on the correction factors, the
absolute irradiance values of 52, 104, 207, and 311 mJ/cm2 to 52, 104, 207, and 311
mJ/cm2, respectively, after applying the correction factors, for example.
B2. Nitrobenzene detection
For OH-radicals quenching of the water matrices, MilliQ and post-AnMBR effluent were
spiked with nitrobenzene for a final concentration of 100 μM, and 10 mg/L H2O2and
exposed to UV-C254 nm. Nitrobenzene was then detected with a Waters HPLC Model 1525
equipped with a bridging HPLC pump and UV detector was used to measure the
concentration nitrobenzene, MP Biomedicals (lot no. S0168). A calibration curve was
prepared and generated with concentrations ranging from 1-150 µM. 40 % acetonitrile
(mobile phase A) and 0.5 % phosphoric acid (mobile phase B) were injected in an Eclipse
XDB-C18 column of 150 mm x 4.6 mm dimension (5 µm particle size). The wavelength
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and the injection volume were set at 267.3 nm and 10 µL, respectively. The results are
shown in Figure B1.
B3. Chemical contaminant removal compared to literature.
During UV/H2O2, chemical removal is governed by the oxidative hydroxyl radicals and
therefore, can be explained by the following equation:
[𝐶𝐸𝐶]
− ln (
) = 𝑘𝑂𝐻 ∫[°𝑂𝐻]𝑑𝑡
[𝐶𝐸𝐶]0
In this equation kOH is the rate constant between any compound and *OH, and ∫[°𝑂𝐻]𝑑𝑡
being the change in *OH concentration over time. Rosenfeldt et al 2006, describe a constant
generation for the generation of *OH during UV/H2O2, ROH, which they suggest the value
is 4 x 10-13 M-s-L/mJ. Therefore ∫[°𝑂𝐻]𝑑𝑡 can be determined as a function of this constant
and irradiance (I) and summarized by the following equation:
[𝐶𝐸𝐶]
− ln (
) = 𝑘𝑂𝐻 ∗ 𝑅𝑂𝐻 ∗ 𝐼(𝑚𝐽/𝑐𝑚2 )
[𝐶𝐸𝐶]0
In the equation kOH were 8.8 x 109, 2.6 x 1010, and 8 x 109 M-1s-1 for carbamazepine, estrone,
and atenolol, respectively. How the removal of these contaminants was able to be predicted
by this simple model is shown in Figure B3 (top). Due to higher removals an optimal
“effective ROH” value was determined to be 1.2 x 10-12 M-s-L/mJ, and the model is shown
in Figure B3 (bottom). Due to irradiance being corrected for, it is likely some of the
absorbed light which was not considered for irradiation contributed to the formation of
additional radicals within the AnMBR effluent which led to that increased removal.
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Figure B1. Standard curves for atenolol (top), carbamazepine (middle), and estrone
(bottom). The standard used for the graphs range from 10-2000 μg/L. They were prepared
in pure methanol and run with the same procedure as previously mentioned. The same
standard concentrations were run along with wastewater samples each time the LC/MS was
used to quantify CEC concentrations.
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Figure B2. Determination of hydroxyl radicals by nitrobenzene method. The standard
curve (top) of nitrobenzene detection was used to calculate nitrobenzene degradation
throughout UV/H2O2 using 10 mg/L H2O2. This provides an indication of hydroxyl radical
quenching effect by the post-AnMBR effluent, with the higher concentration of
nitrobenzene detected indicating lower amount of free hydroxyl radicals present. After 104
mJ/cm2 there was a significant difference in hydroxyl radical quenching in AnMBR
effluent compared to MilliQ water.
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Figure B3. Predictive removal model of carbamazepine, estrone, and atenolol based on the
ROH constant (top). Determining the “effective ROH” pertaining to our AnMBR (bottom).

Table B1.
DNA segment

Structure

Size (kb)

Plasmid

2.1

Donor DNA

Pyrimidine dimer sites

Total dimer sites

Amplified strand- C: 72 T: 152 (234)

535
Complementary strand- C: 131 T: 270 (301)
Amplified strand- C: 20 T: 11 (31)

blaNDM-1

Amplicon

90

154
Complementary strand- C: 16 T: 18 (34)
Amplified strand- C: 32 T: 12 (44)

blaCTX-M-15

Amplicon

90

215
Complementary strand- C: 16 T: 30 (46)

Table B2. List of primers and probes for specific detection ARGs blaNDM-1 and blaCTX-M-15. The thermo cycling conditions were as
follows: 50 °C for 2 min, 95 °C for 20 s, and 40 cycles of 95 °C for 1 s, 60 °C for 20 s. NTC denotes no-template controls.

Bacteria

Genes

Amplicon
size (bp)

Primer sequence
5'-ATT AGC CGC
TGC ATT GAT-3'

E. coli PI-7

Klebsiella
pneumoniae
L7

blaNDM-1

blaCTX-M15

154

215

5'- CAT GTC GAG
ATA GGA AGT G-3'
5'-ATC ACK CGG
RTC GCC IGG RAT3'

Probes

Amplification
efficiency

R2

Most diluted
standard vs.
NTC (Ct)

Reference
of primers
and probes

5'-/56-FAM/AGA CAT
TCG /ZEN/GTG CGA
GCT GGC GGA
/3IABkFQ/-3'

91-101 %

0.941

27.87 vs.
36.98

130

5'-/56-JOEN/CCC GAC
AGC TGG GAG ACG
AAA CGT/36-TAMSp/-3'

94-104%

0.959

29.57 vs.
36.49

131

94
5'-ATG TGC AGY
ACC AGT AAR GTK
ATG GC-3'

Table B3. Operation conditions of SPE for CEC extraction and concentration

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Clean each sample path with 50.0 mL water
Wash syringe with 5.0 mL methanol
Rinse cartridge with 10.0 mL of methanol
Condition cartridge with 10.0 mL methanol
Condition cartridge with 10.0 mL methanol
Condition cartridge with 10.0 mL HPLC grade water
Clean each sample path with 50.0 mL water
Condition cartridge with 10.0 mL HPLC grade water (pH 2)
Load 200 mL of sample onto cartridge with 10 mL/min flow rate
Rinse cartridge with 10.0 mL of HPLC grade water (pH2)
Dry cartridge with nitrogen gas for 60 minutes
Soak and collect 5.0 mL fraction into sample tube using methanol
Collect 5.0 mL fraction into sample tube using methanol
Collect 5.0 mL fraction into sample tube using methanol/water 1:1

Table B4. HPLC gradient used for separation of atenolol, carbamazepine, and estrone (E1).
.
Time (min)
0
0.5
8
14
14.01
16
18

Mobile phase A
90
50
5
5
90
90
90

Mobile phase B
10
50
95
95
10
10
10

Table B5. MRM transition and compounds specific parameters for atenolol,
carbamazepine, and estrone (E1).
Analyte

Q1 Mass
(DA)

267.2
267.2
237
Carbamazepine
237
269
Estrone (E1)
269
Atenolol

Q3
Mass
(DA)
144.9
190
195
179
145
159

Declustering Collision
Collision cell exit
potential (V) energy (V) potential (v)
-80
-80
-71
-71
-100
-100

-15
-25
-27
-49
-52
-70

-8
-8
-15
-15
-13
-13
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Table B6: P-values of each combination of fluence and H2O2 concentration for the
removal of atenolol.

Sample vs.

Sample

P-value

52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.

52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L

0.015
0
0.005
0.272
0.179
0
0.001
0.217
0.066
0.017
0
0.005
0.996
0
0.066
0.029
0.907
0.006
0.248
0.209
0.006
0
0.002
0.974
0
0.044
0.97
0.003
0
0.002
0.786
0
0.035
0.782
0.003
0.797
0.019
0.936
0.009
0.183
0.286
0.009
0.854
0.005
0.005
0
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311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0.001
0.717
0
0.02
0.713
0.001
0.722
0.942
0.002
0
0.001
0.669
0
0.024
0.666
0.002
0.672
0.876
0.003
0.925

Table B7: P-values of each combination of fluence and H2O2 concentration for the
removal of carbamazepine.

Sample vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.

Sample
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L

P-value
0.01
0
0.137
0.481
0.057
0.003
0.002
0.418
0.448
0.01
0
0.145
0.976
0.003
0.467
0.359
0.091
0.005
0.828
0.018
0.005
0
0.036
0.618
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207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0
0.18
0.596
0.001
0
0.016
0.347
0
0.084
0.332
0
0.609
0.122
0.307
0.023
0.385
0.082
0.025
0.513
0.005
0.002
0
0.007
0.259
0
0.047
0.246
0
0.489
0.896
0.001
0
0.013
0.307
0
0.07
0.293
0
0.548
0.933
0.002
0.968

Table S7: P-values of each combination of fluence and H2O2 concentration for the
removal of estrone.

Sample vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.

Sample
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L

P-value
0
0
0.007
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104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L

0.137
0
0
0
0.428
0.001
0
0
0.004
0.852
0
0.001
0
0
0
0.017
0
0
0
0
0.312
0
0
0.414
0
0
0
0.316
0
0
0.412
0
0.951
0.002
0
0
0.072
0
0
0.518
0
0
0
0
0.189
0
0
0.261
0
0.735
0.801
0
0

100
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0
0.164
0
0
0.225
0
0.622
0.686
0
0.857

Table S8: k-values for atenolol, carbamazepine and estrone in post-AnMBR effluent.
1

1

1

Where the second order rate constant was defined as 𝑘 = ((C) − (C )) ∗ 𝐼 , where C is
0

the concentration at a given exposure I, which in this case is 311 mJ/cm2 and C0 is the
spiked concentration of the CECs.

Atenolol
[H2O2],
mg/L
0

Carbamazepine

k, cm2 mJ-1
2.83 x 10-3 ± 1.7 x 10-

k, cm2 mJ-1

Estrone

[H2O2],
mg/L
0

2.27 x 10-3 ± 2.3 x 10-3

[H2O2],
mg/L
0

10

1.78 x 10-3 ± 3.7 x 10-4

10

30

3.59 x 10-3 ± 2.6 x 10-3

30

k, cm2 mJ-1
1.15 x 10-3 ± 2.6 x
10-4
6.85 x 10-3 ± 2.3 x
10-4
9.55 x 10-3 ± 6.6 x
10-4

3

10

2.26 x 10-3 ± 1.6 x 103

30

6.41 x 10-3 ± 6.0 x 103

Table B10: k-values for ARBs E. coli PI7 and K. pneumoniae L7 by UV/H2O2 based
AOP for post-AnMBR effluent. The first order rate constant is 𝑘 =

𝐶
)
𝐶𝑜

−ln(
𝐼

, where C is

the cellular concentration at a given exposure I, which in this case is 52 mJ/cm2 and C0 is
the initial cellular concentration at I = 0 mJ/cm2.

E. coli PI7
[H2O2], mg/L
0
10
30

K. pneumoniea L7
2

-1

k, cm mJ
2.22 x 10-1 ± 1.7 x 10-2
2.77 x 10-1 ± 1.6 x 10-2
3.82 x 10-1 ± 1.5 x 10-2

[H2O2], mg/L
0
10
30

k, cm2 mJ-1
2.07 x 10-1 ± 2.4 x 10-3
2.28 x 10-1 ± 1.1 x 10-2
2.47 x 10-1 ± 8.0 x 10-3

101
Table B11: k-values for extracellular ARGs NDM-1, CTX-M-15, and reduction in natural
transformation by exposure of the extracellular donor DNA in post AnMBR effluent. The
first order rate constant is k =

𝐶
)
𝐶𝑜

−ln(
𝐼

, where C is the concentration at a given exposure I,

which in this case is 311 mJ/cm2 and C0 is the spiked concentration of the extracellular
DNA or baseline transformation frequency.

NDM-1
[H2O2],
mg/L
0
10
30

CTX-M-15

k, cm2 mJ-1
2.28 x 10-2 ± 2.6 x 10-3
3.20 x 10-2 ± 6.7 x 10-4
3.34 x 10-2 ± 2.9 x 10-3

[H2O2],
mg/L
0
10
30

k, cm2 mJ-1
2.43 x 10-2 ± 3.7 x 10-3
2.89 x 10-2 ± 3.0 x 10-3
3.01 x 10-2 ± 8.6 x 10-4

Transformation assay
[H2O2],
mg/L
0
10
30

k, cm2 mJ-1
3.73 x 10-3 ± 9.4 x 10-3
4.68 x 10-3 ± 6.1 x 10-4
1.10 x 10-2 ± 2.5 x 10-3

Table B12: P-values of each combination of fluence and H2O2 concentration for the
removal of blaCTX-M15.
Sample vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.

Sample
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L

P-value
0.701
0.284
0.084
0.354
0.122
0.884
0.005
0.000
0.125
0.086
0.072
0.003
0.565
0.457
0.239
0.022
0.001
0.208
0.161
0.958
0.377
0.000
0.000
0.015
0.009

102
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0.140
0.019
0.375
0.005
0.000
0.097
0.068
0.709
0.180
0.828
0.401
0.001
0.000
0.015
0.010
0.113
0.024
0.224
0.511
0.234
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.001
0.000
0.124
0.000
0.000
0.003
0.002
0.025
0.004
0.121
0.289
0.102
0.879
0.007

Table B13: P-values of each combination of fluence and H2O2 concentration for the
removal of blaNDM-1.

Sample vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.

Sample
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L

P-value
0.166
0.248
0.870
0.711

103
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L

0.466
0.480
0.217
0.842
0.772
0.546
0.166
0.669
0.834
0.361
0.580
0.037
0.216
0.394
0.122
0.173
0.519
0.000
0.000
0.012
0.001
0.000
0.024
0.139
0.001
0.007
0.043
0.007
0.005
0.068
0.231
0.976
0.014
0.095
0.231
0.059
0.073
0.321
0.726
0.296
0.394
0.000
0.000
0.000
0.000
0.000
0.001
0.011
0.080
0.278
0.033
0.000
0.001

104
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0.009
0.001
0.000
0.016
0.072
0.417
0.536
0.144
0.759

Table B14: P-values of each combination of fluence and H2O2 concentration for fold
changes in mutagenicity in Salmonella enterica serovar Typhimurium TA100 with
exposed donor DNA.

Sample vs.
0 mJ/cm2 - 10 mg/L vs.
0 mJ/cm2 - 30 mg/L vs.
0 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.

Sample
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L

P-value
0.586
0.956
0.549
0.527
0.242
0.563
0.028
0.007
0.032
0.108
0.004
0.001
0.005
0.022
0.456
0.653
0.323
0.693
0.853
0.075
0.014
0.020
0.005
0.023
0.082
0.891
0.542
0.056
0.012
0.003
0.014
0.054
0.732

105
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0.684
0.036
0.838
0.461
0.204
0.495
0.917
0.132
0.028
0.772
0.101
0.067
0.045
0.013
0.050
0.158
0.836
0.342
0.113
0.731
0.584
0.190
0.003
0.001
0.003
0.015
0.376
0.887
0.010
0.453
0.584
0.020
0.276

Table B15: P-values of each combination of fluence and H2O2 concentration for fold
changes in mutagenicity in Salmonella enterica serovar Typhimurium TA98 with
exposed donor DNA.

Sample vs.
0 mJ/cm2 - 10 mg/L vs.
0 mJ/cm2 - 30 mg/L vs.
0 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.

Sample
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L

P-value
0.911
0.726
0.645
0.911
0.824
0.811
0.579
0.657
0.367
0.506

106
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L

0.729
0.813
0.487
0.647
0.835
0.919
0.832
0.803
0.992
0.512
0.654
0.657
0.739
0.428
0.579
0.911
0.922
0.586
0.766
0.852
0.518
0.683
0.796
0.960
0.690
0.883
0.486
0.419
0.727
0.557
0.214
0.299
0.551
0.257
0.322
0.407
0.471
0.241
0.348
0.781
0.627
0.353
0.697
0.592
0.131
0.457
0.527
0.277
0.394
0.849
0.690
0.399
0.763

107
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0.654
0.154
0.930

Table B16: P-values of each combination of fluence and H2O2 concentration for fold
changes in natural transformation with exposed donor DNA.

Sample vs.
0 mJ/cm2 - 10 mg/L vs.
0 mJ/cm2 - 30 mg/L vs.
0 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 0 mg/L vs.
52 mJ/cm2 - 0 mg/L vs.
52 mJ/cm2 - 0 mg/L vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 10 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
52 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 0 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 10 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
104 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.

Sample
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L

P-value
0.981
0.246
0.255
0.054
0.057
0.441
0.110
0.115
0.633
0.787
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.040
0.239
0.151
0.000
0.012
0.013
0.170
0.545
0.391
0.000
0.631
0.000
0.000
0.000
0.000
0.000
0.355
0.000
0.000
0.000
0.000
0.000
0.001
0.000

108
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 0 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 10 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
207 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 0 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 10 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L
52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 0 mg/L
0 mJ/cm2 - 10 mg/L
0 mJ/cm2 - 30 mg/L

0.001
0.005
0.006
0.000
0.000
0.000
0.000
0.000
0.000
0.050
0.001
0.001
0.004
0.252
0.000
0.000
0.000
0.000
0.000
0.021
0.000
0.000
0.162
0.000
0.003
0.000
0.000
0.000
0.000
0.000
0.479
0.000
0.000
0.091
0.003
0.163
0.002
0.000
0.000
0.000
0.000
0.000
0.758
0.000
0.000
0.537
0.000
0.024
0.045
0.300
0.000
0.000
0.000

109
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.
311 mJ/cm2 - 30 mg/L vs.

52 mJ/cm2 - 0 mg/L
52 mJ/cm2 - 10 mg/L
52 mJ/cm2 - 30 mg/L
104 mJ/cm2 - 0 mg/L
104 mJ/cm2 - 10 mg/L
104 mJ/cm2 - 30 mg/L
207 mJ/cm2 - 0 mg/L
207 mJ/cm2 - 10 mg/L
207 mJ/cm2 - 30 mg/L
311 mJ/cm2 - 0 mg/L
311 mJ/cm2 - 10 mg/L

0.000
0.000
0.020
0.000
0.000
0.156
0.000
0.000
0.981
0.002
0.043
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