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The coexistence of pharmaceuticals and microorganisms in source separated
urine poses a risk for the development of antimicrobial resistance (AMR),
especially when urine-based fertilizers are applied to soils. While prior studies
have investigated pathogen inactivation in source-separated wastewater
matrices, few have evaluated the simultaneous fate of antibiotic-resistant
bacteria (ARBs) and their corresponding resistance genes (ARGs) in real urine
matrices, particularly under alkaline conditions. Here, we studied the inactivation
of pB-lactamase-producing Escherichia coli and vancomycin-resistant
Enterococcus faecium and the degradation of their respective ARGs (blacTx—m
and van-A) in alkalized, unhydrolyzed urine (pH 10.8 and 12.5) treated with
UV (65W low pressure dichromatic mercury lamp at 185/254nm), hydrogen
peroxide (1.25g L=1 H,0,), and their combination (UV/H,O5). UV/H,O,
treatment resulted in >7 logyg inactivation of both ARBs, with inactivation
rate constants of —0.058 logyg cfu min~1 (E. coli, UV) and —0.093 logyg cfu
min—1 (E. faecium, UV/H,05). In contrast, ARG reduction was limited with
UV alone and negligible with H>O» alone. Gene copy reductions of 3 logl10
(blacTx—m. k = —0.055 log10 copies min—1) and 2 log10 (van-A, k = —0.040
log10 copies min—1) were observed under UV/H>O,. Notably, brief storage
(>3h) at pH 12.5 achieved similar ARB inactivation and ARG reduction as 80 min
of UV/H,0, treatment at pH 10.8, offering a low-energy alternative for sanitizing
source-separated urine.

KEYWORDS

fertilizer, microbial risk, safe nutrient recycling, pathogens, source separation,
wastewater, hygienisation

1 Introduction

Urine contains valuable nutrients, such as nitrogen, phosphorus, and potassium,
and around 30 million tons of nitrogen is excreted globally through urine, which can
potentially replace almost 35% of the global nitrogen demand as a fertilizer (Larsen et al.,
2021; STATISTA, 2024). The nutrients in source-separated urine, however, are diluted;
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for example nitrogen accounts for only 0.05-0.06% in urine while
it is ~20% in commercial NPK fertilizer (Vinneras et al., 2006;
Senecal, 2020). For technologies aimed at recovering nitrogen
from urine in the form of urea, such as urine drying, chemical
stabilization is required to prevent hydrolysis of urea by the
urease enzyme (Senecal and Vinneras, 2017). Acidification (pH
< 3) (Ray et al, 2018), alkalization (pH >10.5; Senecal, 2020),
and electrochemical (Arve and Popat, 2021) methods are some
approaches that are in use to stabilize urea in fresh urine, after
which it can be concentrated with minimal nitrogen loss (Simha,
2021). However, there are concerns related to the presence of
pathogens and micropollutants such as pharmaceuticals in source
separated human urine (Bischel et al., 2015).

Consumed pharmaceuticals, such as antibiotics, end up in
urine with up to 90% of their therapeutic dose (Lienert et al,
2007). Pathogens predominantly enter source separated urine
through either cross-contamination with feces during collection
whereas some pathogens are excreted via urine such as Leptospira
spp, Schistosomiasis haematobium and typhoid salmonellas (Flores-
Mireles et al., 2015). Urinary tract infection (UTI), commonly
caused by fecal bacteria, will result in microorganisms excreted
with the urine (Flores-Mireles et al., 2015). Skin bacteria may also
be found in the urine (Schonning et al., 2002). The coexistence
of microorganisms and non-lethal doses of antibiotics in urine
creates conditions for the development of antimicrobial resistance
(Zhou et al.,, 2021; Woldeyohannis and Desta, 2023). Although
some regulations exist for microbial and chemical contaminants in
recycled water and biosolids (e.g., E. coli limits in the EU; heavy
metals and pathogens in the US), there are currently no regulatory
limits for ARGs in source-separated wastewater fractions (WHO,
2013; Hamam et al., 2024; EPA, 2025).

Different treatment technologies, such as long-time storage
(Hoglund et al, 2002), alkalization (Senecal et al, 2018),
ammonification (Nordin et al, 2009) and UV-based oxidation
(Giannakis et al., 2018) have shown promising results for pathogen
inactivation in urine. For instance, more than 6 log;o inactivation
of S. typhimurium was reported in alkalized urine at pH 10.5
(Senecal et al., 2018). However, some microorganisms, such as
Clostridia and Salmonella spp, have been observed to survive
long periods of storage of hydrolyzed urine (36 days) by forming
spores and extracellular polymeric substances (EPS), respectively
(Hoglund et al., 2000). In addition to ARB, antibiotic resistance
genes (ARGs) can be transferred via urine. For example, Zhou
et al. (2021) reported that there were no significant changes in
the concentration of the intracellular tetracycline resistant (tet
M) gene after a 30 day storage in hydrolysed urine whereas
Woldeyohannis and Desta (2023) observed increase in ARGs
during storage. Thus, ARGs may still persist and there is a risk
of transmission downstream in the process (Zhou et al., 2021).
For example, genes giving resistance against ampicillin, B-lactams,
fluoroquinolone, sulphonamide, tetracycline, and vancomycin has
been found in hydrolyzed urine stored for 20 days and in urine
derived struvite fertilizer.

Previous research shows that electrochemical oxidation can
reduce ARGs such as blagpc and blargy, with up to 4 log units
in hospital urine (Herraiz-Carboné et al., 2022). However, the
investigation was limited to synthetic urine and the results might
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differ significantly if real urine matrix is used. This is because
real urine contains more than 2,500 metabolites compared to
synthetic urine, which has less than 15 metabolites (Simha et al.,
2024). A study on the fate of ARGs in hydrolyzed urine reported
a transformation efficiency of ARGs decrease by >2 log upon
incubation for 24h (Goetsch et al,, 2020). However, the study
was limited to extracellular plasmid DNA whereas intracellular
DNA and its inherent ARGs can survive long storage (30 day) in
hydrolyzed urine (Zhou et al., 2021).

With the exception of studies on long-term storage of
hydrolyzed urine (Zhou et al., 2021), the simultaneous inactivation
of pathogens and the fate of antibiotic-resistant genes (ARGs)
in real source separated urine have, to our knowledge, not been
studied, nor in alkalized urine. Alkalization of urine produces
a harsh environment for microorganisms as well as other
biological material and may prevent development and exchange
of antimicrobial resistance and potentially degrade ARGs (Nordin,
2010). Inactivating the resistome (ARBs and ARGs) prior to
application on agricultural land will promote a safe recovery of
nutrients from urine.

uv
pharmaceuticals including antibiotics (Demissie et al., 2023),

treatment has shown potential in degrading
inactivate enzymes (Demissie et al, 2024), and pathogens
(Giannakis et al, 2018) in water and wastewater matrices,
including source separated real human urine. UV radiation
damages DNA and affect cell integrity by altering aromatic amino
acids that make up the bacterial cell wall, e.g., phenylalanine,
lysine, histidine, and tryptophan (Cutler and Zimmerman, 2011;
Howe et al., 1965; Goosen and Moolenaar, 2008). Further, low
wavelength UV light radiation (*200nm) can be absorbed
by bases of DNA nucleotides (Duarte, 2015). UV emission
at lower wavelength (<200nm) can also homolyze water to
produce oxidants such as hydroxyl radicals in situ (Zoschke et al.,
2014). Hydroxyl radicals react with DNA bases with a rate of
>109 M-1 s~! (Michaels and Hunt, 1973). UV absorbance at
lower wavelength and reaction of DNA bases with OH* enhances
DNA degradation during UV treatment. The application of
oxidisers like H,O; in conjunction with UV radiation amplifies
the inactivation of microorganisms through (i) oxidative stress
induced by H,O;, and (ii) UV-mediated oxidation due to the
generation of additional reactive oxygen species, such as hydroxyl
radicals (OH*) (Rincon and Pulgarin, 2004). Moreno-Andrés et al.
(2016) reported that the use of 5mg L ™! H,O, increased pathogen
inactivation in salt water by 30% compared to inactivation by
UV alone.

This study investigates the inactivation of P-lactamase-
producing Escherichia coli and vancomycin-resistant Enterococcus
faecium, along with the degradation of their corresponding
intracellular resistant genes, blactx—m and van-A, in unhydrolysed
urine stabilized with KOH. Treatments included UV irradiation,
H,0,, and their combination (UV/H,0;). Escherichia coli and
Enterococcus faecium, were selected for this study being (i)
commensal fecal bacteria, (ii) being the most common causes of
UTI (Flores-Mireles et al., 2015) and (iii) prioritized by WHO for
development of new drugs due to increasing clinical resistance
(WHO, 2024). Overall, this work contributes to advancing safe
nutrient recycling from source-separated urine by demonstrating
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that chemical stabilization can simultaneously address microbial
risks through ARB inactivation and ARG degradation.

2 Methods

2.1 Experimental set-up

Urine was UV irradiated in a cylindrical stainless steel
photoreactor (45cm length and 3.1cm OD). The photoreactor
was equipped with a 65W low pressure high output mercury
lamp (GPHHVA357VH, LightTech, Hungary) emitting UV light
at wavelengths of 254 nm and 185 nm. The photoreactor was then
placed in a chamber with running water to maintain a temperature
of 21 £ 2 °C inside the reactor. The fluence rate of the lamp
was measured by iodine/iodide actinometry (0.184 & 0.005 mW
cm~2) following the procedure as described before (Rahn, 1997).
Quantum yields were calculated assuming all the light reaching
iodide-iodate solution had a wavelength of 254 nm.

2.2 Urine collection and treatment

Urine donations (n = 37) were collected from both male
and female volunteers (aged 20-65 years) using high-density
polyethylene bottles with lids. The collected urine was pooled,
dosed with 2.35g KOH L™! and mixed. The alkalized urine was
then kept at room temperature (20 £ 2 °C) until further use
(15-20 days).

Urine which had been alkalinized (pH 10.8) was inoculated
with Escherichia coli and Enterococcus faecium to study the
inactivation of bacteria by plate count and fate of their resistance
genes by qPCR when subjected to treatment of UV, H,O, or
in combination (UV/H;0,). The inoculated urine was subjected
to the treatments for time periods of 5, 10, 20, 40, and 80 min
(Table 1) and analyzed by destructive sampling design with a
single replicate per time point. As such, no technical or biological
replicates were performed at individual time points. In addition to
the main experiment using urine at pH 10.8, urine alkalinized to
12.5 and neutralized to pH 7.0 was studied for some time periods.
Treatments at pH 7 and 12.5 were conducted as controls to test the
efficacy of the treatment; fresh urine were accounted by treatment
at pH 7 while treatment at pH 12.5 represents urine alkalized by
strong bases such as KOH.

TABLE 1 Type of treatment and exposure times for neutral pH real urine
and KOH alkalized real urine at pH 10.8 and 12.5.

Treatment time (minutes)

Treatment type

pH 10.8 pH 125 pH7.0
uv 5, 10, 20, 40 and 80 5and 20 5and 80
H,0, 5, 10, 20, 40 and 80 5and 20 5and 80
UV/H,0, 5, 10, 20, 40 and 80
Control 5, 20, and 80 5and 20 5and 80

Frontiers in Microbiology

10.3389/fmicb.2025.1605625

2.3 Bacteria cultivation, inoculation and
enumeration

The strains used for this study were Escherichia coli (CCUG
62975) with blactx—m gene and Enterococcus faecium (NCTC
12202) with van-A gene. Inactivation of bacteria was investigated
by plate count whereas the fate of their resistance genes (blactx—m
and van-A respectively) was investigated by qPCR. The bacteria
were cultivated in two steps in nutrient broth and overnight
cultures (37 °C, 12h) and aliquoted into 35ml portions for E.
coli and 40 ml portions for E. faecium, respectively. The portions
was then centrifuged (4,500 rpm for 10 min), and the supernatant
was discarded while bacterial cells were retained in the pellet. The
bacteria pellets were resuspended in 0.5ml saline solution and
refrigerated at 4 °C and used that same day. At the start of an
experiment the prepared bacteria were used to inoculate 600 ml
urine, resulting in a start concentration of 8 logjo cfu ml~! and 6
log;o cfu ml~! urine for E. coli and E. faecium respectively.

For enumeration of bacteria, 1 ml of urine was sampled before
and after each treatment (Table 1). One (1) ml urine was serially
diluted in Buffered saline solution with peptone and Tween 80.
Cultivation of E. faecium strain was carried out by growing it
on CHROMagar (Chromagar TM) with and without vancomycin
(6 mg L"), while the E. coli strain was grown on Tryptone Bile X-
Glucuronide (TBX) agar with and without cefotaxime (6 mg L™1).
All agars were incubated at 3742 °C for 24 + 2h after which
distinct colonies were counted using image processing software
(OpenCFU) (Geissmann, 2013).

Treatment procedure: resuspended E. coli and E. faecium
pellets were spiked in 600 ml of urine and mixed for 30s on a
magnetic stirrer (Section 2.3). The urine was then poured down
into the photoreactor. Once the photoreactor was placed in the
cooling bath, the UV lamp was turned on to start the treatment.
At start and end of each treatment period a 1 ml sample was taken
for bacteria enumeration and 50 ml of urine was collected, mixed
with 20% (v/v) of Tris-EDTA, and stored at —20 °C until use for
ARG analysis. For the treatments involving hydrogen peroxide,
1.25g HyO, L7! (36 mM) was added to the inoculated urine
before pouring it down the photoreactor. Controls, were performed
following the same procedure using the same photoreactor but
without UV irradiation or hydrogen peroxide, to mimic the
experimental condition, but studied for fewer time intervals
(Table 1). Control samples were measured at selected intervals
during the main experiment, based on the expectation of minimal
variation under the tested conditions as indicated by pre-trial
experiments. Additionally, post-trial measurements conducted at
the final treatment time points (20 and 80 min) confirmed the
stability of the control samples.

2.4 DNA extraction and gPCR

DNA extraction and strain confirmation: to quantify the
abundance of blactx—m and van-A gene, DNA was extracted
from a 22ml mixture of tris-EDTA and urine using DNeasy
blood and tissue test kit (catno 69504, Qiagen, Germany)
after equilibration of samples to room temperature. The DNA
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concentration was measured using Qubit® 3.0 Fluorometer (life
technologies, Malaysia). Confirmatory 16S-rRNA -based Sanger
sequencing was run on the extracted DNA to check E. coli and E.
faecum and rule out contamination (Supplementary Table 1).

Resistant genes amplification, cloning and Plasmid DNA
isolation: The blacrx—m and van-A genes were PCR amplified,
sequenced for confirmation and cloned in preparation for
quantitative Real-Time PCR (qPCR)-based gene quantification.
blactx—m and van-A genes from the extracted DNA were amplified
using the primers and reaction conditions in Table 2. Each PCR
reaction (25 pl) contained 5 pl template DNA, 12.5 pl Taq
polymerase, 1 pl of both forward and reverse primer and 5.5 pl
water. Optimized PCR conditions listed in Table 2 were followed
and the PCR product was quantified using Qubit®. The PCR
product size was confirmed using gel electrophoresis (1% agarose
in tris-EDTA).

Following the manufacturer’s instructions, the PCR product
was cloned to plasmid using pGEM®-T vectors (Promega GeneJET
plasmid miniprep kit, Thermo Scientific, K0502) and transformed
to JM 109 high efficiency competent E. coli cells overnight at 37 °C.
Transformation was confirmed by plating the cells in 50 g ml™!
ampicillin-containing agar plates. Plasmid DNA extraction was
performed on transfromants grown overnight in LB broth as per
the instructions in GeneJet purification kit (Thermo Scientific,
K0702). Furthermore, the PCR product and plasmid DNA from
transformed cells were sanger sequenced by Macrogen Europe
(Netherlands) to confirm the amplification was from the intended
gene of interest. The obtained sequence was nucleotide blasted on
CARD database (Alcock et al., 2023) for confirmational purposes
(Supplementary Table 2).

Standard curve preparation and qPCR reaction: The
extracted Plasmid DNA were successively diluted to prepare a
standard qPCR curve in the range of 10 to 108, A qPCR reaction was
performed using 96 well qPCR machine (QuantStudioTM 5 Real-
Time PCR, applied biosystems, Thermo Fisher Scientific, USA).
The built-in design and Analysis software 2.0 was used to design the
plates, set the reaction condition, and collect the data. A triplicate
of negative control was run in each qPCR as quality control. PCR
conditions were optimized, following the protocols outlined in
Table 2. The primers and probes used in this study were taken
from previous publications (listed in Table 2), with modification.
Each qPCR reaction (25 pl) contained 3 pl template DNA (1:100
diluted), 12.5 pl Maxima™ probe qPCR master mix (Thermo
scientific, K0261, USA), 1 pl of both forward and reverse primer,
0.6 il probe and 6.9 pul nuclease free water. Quantitative PCR for
blactx—m and van-A genes were performed using the primers and
probes listed in Table 2. The expected amplicon size was confirmed
through agarose gel electrophoresis (Supplementary Figure 1).

2.5 Analysis of standard physico-chemical
parameters

All the chemicals and reagents used in the study were of an
analytical grade. For measurements of pH and EC, a pH electrode
with an integrated Pt1000 temperature sensor (6.0258.010, Herisau,
Switzerland) and an EC cell (6.0917.080, Metrohm, Herisau,
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Switzerland) connected to pH/EC meter (Metrohm, CH-9100
Herisau, Switzerland) were used. To adjust the pH of the urine,
5M KOH and 1M H;SO4 were used. The UV absorbance of
the urine was measured in the wavelength range of 190-400 nm
using a Lambda 365 UV-vis spectrophotometer (Perkin-Elmer,
United States) with 1 cm optical path length, prior to which urine
samples were diluted 100-fold with Milli-Q water.

The concentration of total nitrogen (Nio), total ammonia
nitrogen, and chemical oxygen demand (COD) was determined
colorimetrically using Spectroquant™ test kits (Merck KGaA,
Darmstadt, Germany) and a spectrophotometer (NOVA 60 A,
Merck KgaA, Germany). COD measurements were adjusted
following the method described by Kang et al. (1999) to account for
the potential interference of residual peroxide. The concentration
of residual peroxide in urine was determined following the
procedure described by Arve and Popat (2021).

2.6 Data analysis

The bacteria inactivation, i.e., the reduction in bacteria
concentrations, for each treatment period was given as -logjo
cfu by normalizing end concentrations to start concentrations as
logio (Ci/Cyp). Models for E. coli and E. faecium inactivation over
time were fitted for each treatment by combining the normalized
inactivation data for the different treatment times which were
studied independently. Changes in logjo reduction over time
was tested against two inactivation models, a log-linear model
(Equation 1), and a model for shouldered inactivation curves
(Equation 2) suggested for UV inactivation (Harm, 1980) and
also used for chemical inactivation. Inactivation kinetics along
with prediction interval (95% confidence limit), the latter when
the number of data points allowed, (Minitab 15; Minitab Ltd.,
United Kingdom), was derived using Equations 1-3.

Logio (Cy) = Logio (Co) + k*t (1)

%, 10"
Logio (Ct) = Logio (Co) — Logioll — (1 — 10K " 1 (2)

n=l*|k| (3)

where Cp, and C; are concentrations of colony forming units at
time zero and time t, k is first-order inactivation rate (min~!), ¢ is
time (min), and # is an empirical value which is used to calculate
the lag period I (min). Both Equations 1, 2 were used to model
reduction kinetics of ARGs.

Results from qPCR (cycles) were converted to gene copies using
Equation 4.

()
Xo = Eamp (b=Co) = 10\ " (4)

where X, is gene copy number, Eymp is efficiency of
amplification, Cq is the cycle number, m and b are the slope
and the constant of the regression equation of the standard
curve, respectively.
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TABLE 2 Primer, probe, size of the amplification product and optimized conditions of PCR and qPCR assays for antibiotic-resistant genes extracted from

E. coli and E. faecium.

ype of primer Sequence (5'-3') Reference
blactx—wm Forward ATGTGCAGCACCAGTAAAGTGATGGC Sittova et al., 2015
Reverse ATCACGCGGATCGCCCGGAAT
Probe HEX-CAGCGGGTA/ZEN/CTCCTACCTGATT-3IABKFQ
Amplification product 336 bp
Optimized PCR conditions 95 °C for 10 min, 45 cycles of 15 sec at 95 °C, 40 sec at 64 °C, 40 sec at 72 °C, and 1 min at 72 °C This study
Optimized qPCR conditions | 95 °C for 10 min, 45 cycles of 15 sec at 95 °C, 40 sec at 64 °C and 40 sec at 60 °C.
van-A Forward GCCGGAAAAAGGCTCTGAA He et al., 2020
Reverse TTTTTTGCCGTTTCCTGTATCC
Probe FAM-CGCAGTTATAACCGTTCCCGCAGACC-BHQ1
Amplification product 90 bp
Optimized PCR conditions 95 °C for 10 min, 40 cycles of 15 sec at 95 °C, 40 sec at 57.5 °C, 40 sec at 72 °C, and 1 min at 72 °C This study
Optimized qPCR conditions | 95 °C for 10 min, 45 cycles of 15 sec at 95 °C, 40 sec at 57.5 °C and 40 sec at 60 °C.

Treatments employing UV are also expressed in terms of
incident fluence/UV dose and conversion of treatment time into
UV dose is calculated according to Equation 5.

UV dose (mJ cm™2) = Fluence rate (mW cm™2)*

treatment time (sec) (5)

3 Results

3.1 Inactivation of antibiotic-resistant
E. coli and E. faecium strains

Plating E. coli on a cefotaxime containing plate after 80 min
treatment revealed the inactivation of E. coli with 4 log;o for
UV, and more than 6.5 and 7.5 logjo for H,O, and UV/H,0,
treatment, respectively (Figure 1A). All three treatments resulted
in a higher inactivation of E. coli compared to the control (without
UV and H,0;), which exhibited only a 0.5 log;o inactivation over
80 min at the initial pH 10.8 (Figure 2A). E. coli was inactivated
with treatment by UV following a log-linear inactivation with an
inactivation rate constant (k) of —0.06 log;o cfu min~! (Table 3).
At 5™ min, treatments of H,O, and UV/H,O, had E. coli
concentrations below the detection limit, indicating an inactivation
of more than 1 log;o cfu min~! (Figures 1A,B).

Inactivation of E. faecium was observed for treatments of UV
and UV+H,0; with a 2.7 logjo and a 6 log;o inactivation in 80
minutes, respectively (Figure 1B). However, treatment of H,O,
alone had no effect on the inactivation of E. faecium. Unlike
UV treatment, inactivation of E. faecium under treatments of
UV/H,0; had a lag phase of 15min (Table 3). For E. faecium,
inactivation rate constants of —0.033 and, —0.093 log;o cfu min~!
were observed for treatments of UV and UV/H,0O,, respectively
(Table 3). Inactivation for E. faecium was faster when UV treatment
was combined with H,O, (Figures 1A,B).

For treatment at pH 7.0, both UV and H,0O; achieved 3
logyo inactivation of E. coli within the 80 min treatment, while no
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inactivation was observed for the control measurements (without
UV and H;0,). However, for E. faecium, inactivation at pH
7.0 was observed only with UV treatment, with a 1.5 logio
inactivation in 80 min. For UV and H,O, treatments at pH 12.5,
inactivation beyond the detection limit was observed within 20 min
of treatment; >7 logjo and >3 log;o inactivation for E. coli and
E. faecium, respectively. The same inactivation was observed after
20 min in control (without UV and H,0,) at pH 12.5. A post-trial
experiment conducted using the same KOH alkalized urine showed
more than 7 log;o inactivation for E. coli within 1 min of exposure
to a pH of 12.5 (data not shown). Bacterial inactivation results
indicate a clear trend over time, it is important to note that the data
were generated using a single-replicate design without repeated
measurements at each time point. Consequently, the precision of
individual data points is limited, hence observed trends require
careful interpretation.

3.2 Degradation of antibiotic-resistant
genes

Recombinant plasmid DNA carrying either blacrx—m or van-
A gene was amplified and visualized by gel-electrophoresis and the
results showed DNA fragments in accordance with the expected
PCR product length (Supplementary Figure 1). Confirmatory
sequencing of the plasmid insertions revealed a 100% identity
match for van-A gene in E. faecium (ARO:3000010) and 100%
identity match for blactx—wm gene in E. coli (ARO:3005661) when
blasted against reference sequences on CARD database (Alcock
et al., 2023). The efficiency of the qPCR reaction for plasmid
standard curves of each respective gene were in the range of 95 and
105%, and R? of 0.99.

With the 80 min treatment of urine at an initial pH of 10.8, a 1
and 3 logj reduction of the blactx—m gene copy was observed for
UV and UV/H,0; treatment, respectively (Figure 2A). Treatment
with H,O, alone and control without UV and H,O,, revealed no
reduction of both blactx—m and van-A gene over 80 min treatment
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FIGURE 1

Inactivation of pathogens in KOH alkalized human urine (pH 10.8) exposed to treatments of UV, UV/H,O, and H,O,, and control for p lactamase
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(Figure 2). The blactx—m gene showed a log-linear reduction with
a k value of —0.009 & 0.001 and —0.055 £ 0.003 log;( gene copies
min~! for treatments of UV and UV/H,0,, respectively (Table 3).
Degradation of van-A gene was also observed for treatments of
UV and UV/H, 0, (Figure 2C). Treatment of UV/H; 0O, for 80 min
resulted in 2 log;o gene copy reduction with the k value of —0.04
log1o gene copies min~! with a lag time of 31 and 80 min treatment
with UV resulted in a 0.5 log; gene copy reduction with a k value
of —0.0052 logjo gene copies min~! (Figure 2C, Table 3).

For 20 min treatment at pH 12.5, the blactx—m gene was
reduced with 2.2, 3.5, and 4.5 log;o gene copies for control, and
treatments of UV and H,0O;, respectively (Figure 2B). However,
among the 80 min treatments at pH 7.0, gene copy reduction was
observed only for H,O, with 0.5 logjo gene copies (Figure 2B).
Reduction of van-A gene occurred only at pH 12.5 with a
comparable gene reduction of 1 logj for control and treatments
of UV and H, O, (Figure 2D).

4 Discussion

4.1 Inactivation of antibiotic-resistant
bacteria

Treatment of alkalized urine (pH 10.8) for 80 min with H,O,
and UV/H,0; resulted in more than 6 logjo inactivation for
both E. coli and E. faecium. However, inactivation of the two
organisms differed for the H,O, treatment, ie., E. coli was
inactivated with more than 6 logio while E. faecium showed
persistence toward treatments of HyO, (1.25¢g L1 with only
0.01 £ 0.08 logjo inactivation. The reduction of E. coli is in
line with earlier studies, e.g., 30mM H,0, gave >6 logio E. coli
reduction in citric acid-NayHPO, buffer solution under 5min
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(Raffellini et al., 2011) while 0.3 mM H,O; resulted in no reduction
of E. coli in phosphate buffer solution within 30 min (Sun et al,
2016). The high dose of H,O, (37 mM) in this study could be one
of the reasons for the higher inactivation of E. coli as compared to
previous studies.

For treatments involving reactive oxygen species (H,O,, OH*)
to inactivate microorganisms, the first step in the process is the
damage of cell walls. E. faecium, a gram positive bacterium, has a
thicker cell wall (25nm; Mishra et al., 2012) compared to E. coli
(4nm; Gan et al, 2008). Therefore, the underlying difference in
cell structure could explain the fast inactivation of E. coli while
E. faecium concentrations were not decreased by H,O; treatment
alone (Figure 1) (Zhang et al., 2023; Rodriguez-Chueca et al., 2015).
Moreover, exposure to H,O, has the ability to modify cell surface
charge of Gram-positive bacteria which leads to an aggregation of
bacteria, thus retarding treatment efficacy of microbial inactivation
(Zhang et al., 2023). In contrast to Gram-positive bacteria, Gram-
negative bacteria, such as E. coli, does not undergo such a change
in surface charge upon exposure to oxidants, such as H,O,, thus
restricting cell aggregation. This allows a free interaction of the
oxidant with the cell (Zhang et al., 2023). Such a phenomenon
could explain the observed lag phase for E. faecium when exposed
to the combination of UV + H,0, (Figure 1B), which resulted in
an immediate inactivation of E. coli (Figure 1A).

Inactivation studies employing H,O, treatment coupled with
pH have demonstrated that both high pH (pH 9; Batterman et al.,
2001) and low pH (pH 3; Raffellini et al., 2011) results in enhanced
inactivation (>2 log higher inactivation) compared to the neutral
pH. This may explain the observed difference in inactivation of
both bacteria to pH controls between pH 10.8 and 12.5 (Figure 1).
However, the inactivation of both bacteria in urine alkalized to a pH
12.5 was so rapid that any added effect of H,O, or UV could not be
observed (Figure 1).
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In this study an inactivation of 2.7 and 1.5 log;o was observed
for UV treatment at pH 7.0 for E. coli and E. faecium, respectively.
Hokanson et al. (2016) showed E. coli to have a higher susceptibility
to photolysis, with a photolysis coefficient of 238,593 L Einstein~!
cm” L, compared to E. faecalis, with a coefficient of 147,116 L
Einstein~! cm ™! which may explain the higher inactivation rate of
E. coli compared to E. faecium in this study. Mckinney and Pruden
(2012) studied the inactivation of antibiotic resistant E. faecium
(van-A) and E. coli (tet(A)) using UV in filtered wastewater. The
authors reported that for a 3 log;( inactivation E. faecium required
an at least 2-fold higher UV dose compared to E. coli, similar
to what was observed in this study. Conversely, a study by He
et al. (2021) claimed that G+ bacteria, such as E. faecalis, are
more susceptible for photocatalysis than G- bacteria, such as E.
coli, indicating that susceptibility toward UV treatment cannot be
generalized by the gram features of the cell. A review by Hijnen
et al. (2006) also stated that the sensitivity toward UV treatment
differs between different strains of the same species. Additionally,
E. faecium occurs in pairs or chains and enterococci in general
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are prone to clustering leading to less exposure to UV, which can
explain the demoted inactivation compared to E. coli due to UV
and H, O, treatment in the present study.

Studies conducted using monochromatic low pressure mercury
lamp (254nm) reported that up to 15 mJ cm™2 UV dose and

20 mJ cm™2

is required for >5 logjo inactivation of E. coli in
deionized water (Harris et al., 1987) and secondary treatment
effluent, respectively (Nasser et al., 2006). However, in this study
UV doses of 880 mJ cm™2 and <55 mJ cm™2 were required for 4
logy inactivation of E. coli with UV alone and UV/H, O treatment
at pH 10.8, respectively (Figure 1). Additionally, Hokanson et al.
(2016) reported an inactivation k value of —0.506 cm? mJ~! for E.
coli under UV treatment (254nm) in water. In this study E. coli
was inactivated in KOH alkalized urine at pH 10.8 with a k value
of —0.0053 cm? mJ~! and —0.0824 cm? mJ~! for treatments
with UV and UV/H,0;, respectively (Supplementary Table 3).
However, the exposure to a lower wavelength UV light has an
increased effectiveness toward microbial inactivation as it can cause
comparatively high damage compared to UV 254 nm, which can
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TABLE 3 Inactivation kinetics for E. coli and E. faecium and antibiotic resistant genes, blactx_m and van-A gene under treatments of UV, H,O; and
UV/H,0; in KOH alkalized urine at pH 10.8.

ARB E. coli uv —0.058 + 0.0075 Log-Linear - 0.82
UV/H,0, <-1* Log-Linear - -
H,0, <-1* Log-Linear - -
E. faecium uv —0.033 +0.0017 Log-Linear - 0.97
UV/H,0, —0.093 + 0.0097 Lag+Log linear 15 0.98
H,;O, No inactivation
ARG blactx_m uv —0.0093 £ 0.0013 Log-Linear - 0.94
UV/H,0, —0.055 £ 0.0032 Lag+Log linear 27 0.99
H,0, No reduction
van-A uv —0.0052 + 0.0011 Log-Linear - 0.72
UV/H,0, —0.044 +0.0019 Lag+Log linear 31 0.99
H,0, No reduction

() Refers to the k values calculated based on detection limits being met in 5 min. ARB and ARG refers to the antibiotic-resistant bacteria and the antibiotic-resistant gene, respectively. GC and

cfu refers to gene copies and colony forming units respectively.

explain the observed difference (Clauf?, 2006). Indeed, Clauf? (2006)
studied microbial inactivation using a krypton-chloride excimer
lamp emitting photon at 222 nm and a LP mercury lamp at 254 nm
and reported UV treatment at 222 nm resulting in comparatively
higher inactivation compared to treatment at 254 nm. Additionally,
Moussavi et al. (2019) reported that vacuum UV (185 + 254 nm)
treatment resulted in 2-fold inactivation of E. coli compared to UV
254nm when given the same treatment conditions. Furthermore,
Giannakis et al. (2018) reported a >4 logjo E. coli inactivation in
real urine for a treatment time of 45min by UV (254nm) at pH
7.0, contrasting to the present study in which only 3 logjo E. coli
inactivation was achieved with 80 min of UV treatment at pH 7.0,
even when the lamp we used emitted light at both 185 and 254 nm.
A possible explanation for these results is that the effect of a lower
wavelength (185nm) is overshadowed by the presence of organic
matters in urine that has high UV absorbance at this wavelength
(Demissie et al., 2024).

Inactivation studies conducted in wastewater effluent requires
a higher UV dose when compared with pure water or phosphate
solution (Hijnen et al., 2006). The study by Giannakis et al. (2018)
revealed that >4-fold higher treatment time was required for
comparable E. coli inactivation in real urine (>45 min) compared
to activated sludge effluent water (<10 min). Depending on the
organisms intended to be removed, it may require even higher
doses. For example, a UV dose of 400 m] cm~2 was required for
2.5 logjo inactivation of Ascaris suum eggs in phosphate buffer
saline solution and 560 mJ cm™2 for >4 log;o inactivation of
Aspergillus niger spores in demineralized water (Brownell and
Nelson, 2006; Clauf}, 2006; Masjoudi et al., 2021). Microbial
particle association, light interference, and scavenging properties
of the matrix are possible reasons for the requirement of high
treatment time/UV dose for inactivation in wastewater and urine
solutions (Giannakis et al., 2018; Ormeci and Linden, 2002).
On the contrary, inactivation studies employing a combination of
UV/H,0; show that treatment time significantly decreases with
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an increase in HyO, dose. UV activates H,O, by resulting in
two OH* which are non-selective oxidants that enhance microbial
inactivation (Vilhunen et al., 2011; Giannakis et al., 2018), which
likely explains the higher observed inactivation of E. faecium during
treatment UV/H,O, compared to treatments of UV and H,O,
alone (Figure 1B).

Aside from pH 12.5, controls without UV and H,O; at pH
7.0 as well as 10.8 did not result in any inactivation of both test
organisms (Figure 2). E. faecalis, a close relative of E. faecium, is
reported to survive high pH (pH 11), however, microbial growth
was highly affected for pH >11.5 (Mchugh et al., 2004; Starliper
and Watten, 2013). High alkaline pH inactivated bacteria through
the action of hydroxyl anions. Hydroxyl anions have the ability to
(i) damaging cytoplasmic membrane, (ii) denature enzymes and
(iii) damage DNA (Siqueira Jr and Lopes, 1999). This therefore
explains the fast inactivation of both test organisms at pH 12.5.

4.2 Reduction of antibiotic-resistant genes

In this study, up to 3 logjo gene reduction was observed for
blactx—m with treatments of UV/H,0; whereas only 2 log;p was
noted for van-A gene with the same treatment and time (80 min ~
880 mJ cm™2; Figure 2). Amplicon size is reported as one of the
factors for the indifference in degradation rate of genes as there
are fewer pyrimidine dimer (TT,CT,TC or CC) targets as the gene
size gets shorter (He et al., 2022; Mckinney and Pruden, 2012).
He et al. (2019) studied degradation of extracellular blt gene with
amplicon sizes ranging from 266 bp to 1017 bp and reported that
there is a 4-fold increase in gene degradation during UV treatment
at pH 7.0 for the large amplicon size (—0.12 cm? mJ~}, 1017 bp)
compared to the smaller amplicon size (—0.025 cm? mJ ™!, 266 bp).
The relative difference in amplicon size could explain the relatively
higher degradation of blacrx—m gene (336 bp) and van-A gene
(96 bp) in the present study (Table 2).
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According to a review by Han et al. (2023), a comparatively
higher UV dose is required to degrade ARGs rather than inactivate
ARBs. This is in line with the results in the present study
which shows a difference in inactivation of ARBs (>6 log;o) with
degradation of ARGs (<4 logjo) (Figures 1, 2). Interferences of
matrix, formation of cell clusters, and scavenging of both photons
and oxidants formed during UV irradiation by lysed cell matters
may contribute to the demoted degradation of ARGs compared
to the inactivation of ARBs. In this study, a UV treatment time
of 80 min (which is equivalent to 880 mJ cm™2) was required
to degrade a 96 bp van-A gene by 0.5 logjo gene copies min~!.
Notably, Mckinney and Pruden (2012) reported a UV dose
(254nm) of 200 mJ cm™2 to be required for 4 log;o reduction
of both intracellular and extracellular van-A (1,030 bp) gene in
phosphate buffer solution.

During treatments of urine with UV, sulfate, phosphate, and
carbonate-radicals are formed in addition to the hydroxyl radicals
(Zhang et al., 2016, 2015). These radicals react with DNA bases with
a rate constant of 5 x 107 —9 x 10° L mol~! s~!. For example,
thiamine reacts with 2.1 and 1.1 x 10° L mol~! s~! with SO, *
and POif*, respectively (Ma et al., 2018). Therefore, such radicals
might also be involved in the reduction of blacrx—m and van-A
gene during UV irradiation of urine.

Hydrogen peroxide, however, does not damage DNA directly
but rather through the production of hydroxyl radicals reacting
with iron containing molecules (Mendoza-Chamizo et al., 2018).
Hydroxyl radicals react with nucleotide bases to a create single
lesion on DNA (Cadet and Wagner, 2013). For instance, thiamine
reacts with OH* with a rate 7.4 x 10° Lmol~! s=! (Ma et al., 2018).
This explains the higher reduction of ARGs by UV/H, 0O treatment
compared to UV alone (Figures 2A,C). Further, with a UV dose of
600 mJ cm ™2 by the low pressure UV lamp (254 nm) around 104 M
OH* are formed in a solution containing 0.3 mM H, O, (Rosenfeldt
etal., 2006). Thus, the increased formation of OH* for experiments
involving a combination of H,O, and UV explains the higher
reduction of ARG compared to UV alone (Figures 2A,C). However,
treatment of H,O; resulted in higher reduction of blactx_m gene
compared to UV treatment at pH 12.5 (Figure 2D). As explained
in section 4.1, gram-negative bacteria is more susceptible to H,O,
treatment compared to gram-positive ones (Zhang et al., 2023).
Consequently, DNA of E. coli will be more exposed to H,O, action
when compared to DNA of E. faecium, which is protected by cell
aggregates. This explains the higher reduction of blactx_m gene
compared to van-A gene in treatments at pH 12.5 (Figures 2B,D).

High pH (pH > 11) inactivates pathogens through disruption
of cytoplasmic membrane which leads to cell lysis and the release
of DNA to the solution (Mendonca et al., 1994). At pH > 11,
DNA is denatured and becomes single stranded by abstraction of
hydrogen by OH ion (England et al., 2021; Bivehed et al., 2023).
Gram-negative microorganisms are more prone to cell lysis at pH >
11 compared to gram-positive microorganisms. This also explains
the comparative ARG reduction difference between blacrx—m and
van-A gene with control treatment at pH 12.5. Goetsch et al.
(2020) reported 2 log;o reduction in the transformation efficiency
of extracellular plasmid DNA harboring ampicillin and tetracycline
resistant gene incubated in hydrolyzed urine for 24 h. Therefore,
DNA damage for treatments at pH 12.5 could be greater when
considering transformation efficiency of ARGs downstream urine
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processing steps. For instance, urine dehydration, one of the
nutrient concentration process steps following urine stabilization,
could be done with a temperature reaching 60 °C (Simha et al,,
2020) and enzymes or proteins responsible for DNA repair could
be denatured at this temperature which could further decrease the
chance of ARG transfer (Boulon et al., 2010).

The results of inactivation of ARBs and degradation of ARGs
indicate that it takes a comparably longer treatment time, or UV
dose, for degradation of ARGs compared to ARBs, which is in
line with previous studies conducted in water and wastewater
matrices (Hokanson et al., 2016; He et al, 2022). However,
comparisons between bacterial inactivation and ARG degradation
results should be interpreted with caution, as the inactivation data
were obtained from a single-replicate design without repeated
measurements at each time point. Increasing the pH to 12.5
resulted in increased inactivation and degradation of ARGs to a
level in which the use of UV or H,O; treatment was not necessary.
Thus, nutrient recovery technologies aimed at recovering N
in the form urea-N could employ either a combination of
UV/H;0; treatment at pH 10.8 or prolonged storage time (>3h)
at pH 12.5 for enhanced 6 log)y inactivation of pathogenic
bacteria and degradation of ARGs (>4 logjo gene copy), thereby
keeping the nutrient potential intact (Supplementary Figure 2).
Furthermore, considering UV/H,O, treatment as pre-treatment
for the recovery and use of nutrients from source separated
urine, an 80 min treatment at pH 10.8 was sufficient to meet
the performance target of 6 logjp microbial reduction set for
unrestricted use of excreta for agricultural purposes (WHO,
2006). However, since the results presented here are based on
laboratory conditions, further investigation is required for its
applicability in decentralized source separation systems. Demissie
(2023) discussed the limitations of such technology for source
separated urine and it’s recommended for future studies to address
such limitations.

5 Conclusion

This study investigated the inactivation of ARBs and reduction
of ARGs in KOH alkalized urine (pH 10.8) subjected to treatments
of UV, H,0,, and UV/H;,0,. Compared to treatments of separate
UV or H;0,, treatment with UV/H,O, combined showed
higher efliciency by inactivating ARBs and degradation of ARGs.
UV/H;0, treatment resulted in 3 log;o and 2 log;o reduction for
blactx—wm gene and van-A gene, respectively. However, H,O; alone
did not have any effect on gene degradation but contributed when
combined with UV, compared to UV alone. A 10-fold treatment
time/UV dose was needed to achieve the same reduction in ARGs
as in ARBs. A reduction rate constant of —0.055 and —0.04

1 was observed for blacrx_m and van-A

logio gene copies min~
gene, respectively, under treatment of UV/H,0; at pH 10.8, and
reduction rates were a magnitude slower for UV alone. Treatment
at pH 7.0 gave no reduction of ARGs and inactivation of ARBs were
very low. Treatment of KOH alkalized urine at pH 12.5 resulted
in faster inactivation of both ARBs and higher degradation of
blactx—wm gene than treatments of urine at pH 10.8. Treatment of

source separated urine with UV/H,O, at pH 10.8 or storage (>3h)
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at high pH (12.5) will reduce the potential risk of ARB and ARG
dissemination during use of urine or urine derived fertilizer.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding authors.

Ethics statement

Ethical approval was not required for the studies involving
humans because this study uses urine samples donated from
humans working in the department. All collected urine was fully
anonymized by mixing it in tanks, ensuring that individual samples
cannot be traced back to individual donors. As the research
does not involve personal data or identifiable information, it
does not require ethical approval under the Swedish Regulation
Act (2003:460). This regulation did not require the study to be
reviewed or approved by an ethics committee because samples are
anonymized. The studies were conducted in accordance with the
local legislation and institutional requirements. Written informed
consent for participation was not required from the participants or
the participants’ legal guardians/next of kin in accordance with the
national legislation and institutional requirements because SLU’s
Kretsloppsteknik Research Group has over 25 years of experience in
urine collection for research purposes and follows strict ethical and
safety protocols, and all the donors are aware of the importance of
the donation, and the donations are strictly to be used for research
purposes. Furthermore, the research group always makes sure the
samples are anonymized before conducting the study.

Author contributions

ND: Formal analysis, Conceptualization, Methodology,
Writing - review & editing, Data curation, Software, Investigation,
Writing - original draft, Visualization. AN: Methodology,
Supervision, Conceptualization, Validation, Formal analysis,
Resources, Writing - review & editing, Visualization. PS:
Supervision, Conceptualization, Writing - review & editing,
Formal analysis, Visualization, Validation. IC: Methodology,
Investigation, Writing - review & editing, Resources, Formal
analysis. HS: Investigation, Writing - review & editing,

Conceptualization, Supervision, Resources, Visualization,
Methodology, Formal analysis. AS: Project administration,
Methodology, Conceptualization, Writing - review & editing,
Resources, Supervision, Investigation. BV: Methodology, Project

administration, Resources, Conceptualization, Validation, Funding

References

Alcock, B. P., Huynh, W., Chalil, R., Smith, K. W., Raphenya, A. R., Wlodarski, M.
A, et al. (2023). CARD 2023: expanded curation, support for machine learning, and
resistome prediction at the comprehensive antibiotic resistance database. Nucleic Acids
Res. 51, D690-D699. doi: 10.1093/nar/gkac920

Frontiers in Microbiology

10

10.3389/fmicb.2025.1605625

acquisition, Supervision, Writing - review & editing. AD:
Resources, Project administration, Conceptualization, Validation,
Funding acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. The
authors acknowledge the financial support provided by SIDA
(Swedish International Development Co-operation Agency)
for sponsoring Natnael Demissie’s research stay at the Swedish
University of Agricultural Sciences through the Institute of
Biotechnology, Addis Ababa University, Ethiopia. The Project
costs were financed by NECESSITY (Next generation source
Separating Sanitation system) - Swedish Research Council
registration number 2022-04188 and Swedish University of
Agricultural Sciences.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.
1605625/full#supplementary-material

Arve, P. H., and Popat, S. C.
recovery from source-separated urine
hydrogen peroxide. ACS EST Eng 1,
1c00194

(2021). Stabilization of urea for
using electrochemically synthesized
1642-1648. doi: 10.1021/acsestengg.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1605625
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1605625/full#supplementary-material
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1021/acsestengg.1c00194
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Demissie et al.

Batterman, S., Mancy, K., Wang, S., Zhang, L., Warila, J., Lev, O., et al. (2001).
Evaluation of the efficacy of a new secondary disinfectant formulation using hydrogen
peroxide and silver and the formulation of disinfection by-products resulting from
interactions with conventional disinfectants. US EPA Res. Drinking Water Prog.
Rev. 22-23.

Bischel, H. N., Duygan, B. D. O., Strande, L., Mcardell, C. S., Udert, K. M., and Kohn,
T. (2015). Pathogens and pharmaceuticals in source-separated urine in eThekwini,
South Africa. Water Res. 85, 57-65. doi: 10.1016/j.watres.2015.08.022

Bivehed, E., Hellman, B., Fan, Y., Haglof, J., and Buratovic, S. (2023).
DNA integrity under alkaline conditions: an investigation of factors affecting
the comet assay. Mutation Res. Genet. Toxicol. Environ. Mutagen. 891:503680.
doi: 10.1016/j.mrgentox.2023.503680

Boulon, S., Westman, B. J., Hutten, S., Boisvert, F-. M., and Lamond, A. L. (2010).
The nucleolus under stress. Mol. Cell 40, 216-227. doi: 10.1016/j.molcel.2010.09.024

Brownell, S. A., and Nelson, K. L. (2006). Inactivation of single-celled Ascaris
suum eggs by low-pressure UV radiation. Appl. Environ. Microbiol. 72, 2178-2184.
doi: 10.1128/AEM.72.3.2178-2184.2006

Cadet, J., and Wagner, J. R. (2013). DNA base damage by reactive oxygen species,
oxidizing agents, and UV radiation. Cold Spring Harbor Persp. Biol. 5:a012559.
doi: 10.1101/cshperspect.a012559

Clauf3, M. (2006). Higher effectiveness of photoinactivation of bacterial spores,
UV resistant vegetative bacteria and mold spores with 222 nm compared to 254 nm
wavelength. Acta Hydroch. Hydrob. 34, 525-532. doi: 10.1002/aheh.200600650

Cutler, T. D., and Zimmerman, J. J. (2011). Ultraviolet irradiation and the
mechanisms underlying its inactivation of infectious agents. Animal Health Res. Rev.
12, 15-23. doi: 10.1017/51466252311000016

Demissie, N. (2023). UV-based advanced oxidation process for nutrient
stabilisation and organic micropollutant degradation in source-separated human
urine (thesis). Swedish University of Agricultural Sciences, Uppsala, Sweden.
doi: 10.54612/a.c9s3mcdqlc

Demissie, N., Simha, P., Lai, F. Y., Ahrens, L., Mussabek, D., Desta, A, et al. (2023).
Degradation of 75 organic micropollutants in fresh human urine and water by UV
advanced oxidation process. Water Res. 242:120221. doi: 10.1016/j.watres.2023.120221

Demissie, N., Simha, P., Vasiljev, A., and Vinneras, B. (2024). Photoinactivation
of jack bean (Canavalia ensiformis) urease in fresh human urine using dichromatic
low-pressure UV irradiation. Chem. Eng. J. 484:149708. doi: 10.1016/j.cej.2024.149708

Duarte, A. S. F. (2015). The effect of UV radiation on DNA in the presence of 1,
10-phenanthroline (thesis). Universidade NOVA de Lisboa, Lisbon, Portugal.

England, C.J., Gray, T. C., Malla, S. R,, Oliveira, S. A., Martin, B. R,, Beall, G. W.,
etal. (2021). pH-dependent sedimentation of DNA in the presence of divalent, but not
monovalent, metal ions. Anal. Biochem. 616:114099. doi: 10.1016/j.ab.2020.114099

EPA, U. S. (2025). A Plain English Guide to the EPA Part 503 Biosolids Rule. US
Environmental Protection Agency, Office of Wastewater Management.

Flores-Mireles, A. L., Walker, J. N., Caparon, M., and Hultgren, S.J. (2015). Urinary
tract infections: epidemiology, mechanisms of infection and treatment options. Nat.
Rev. Microbiol. 13, 269-284. doi: 10.1038/nrmicro3432

Gan, L., Chen, S., and Jensen, G. J. (2008). Molecular organization of Gram-negative
peptidoglycan. Proc. Natl. Acad. Sci. 105, 18953-18957. doi: 10.1073/pnas.0808035105

Geissmann, Q. (2013). OpenCFU, a new free and open-source software
to count cell colonies and other circular objects. PLoS One 8:e54072.
doi: 10.1371/journal.pone.0054072

Giannakis, S., Androulaki, B., Comninellis, C., and Pulgarin, C. (2018). Wastewater
and urine treatment by UVC-based advanced oxidation processes: implications from
the interactions of bacteria, viruses, and chemical contaminants. Chem. Eng. J. 343,
270-282. doi: 10.1016/j.cej.2018.03.019

Goetsch, H. E,, Love, N. G., and Wigginton, K. R. (2020). Fate of extracellular DNA
in the production of fertilizers from source-separated urine. Environ. Sci. Technol. 54,
1808-1815. doi: 10.1021/acs.est.9b04263

Goosen, N., and Moolenaar, G. F. (2008). Repair of UV damage in bacteria. DNA
Repair 7, 353-379. doi: 10.1016/j.dnarep.2007.09.002

Hamam, M., Pergamo, R., Manganiello, V., and Ferrigno, M. (2024). Agricultural
wastewater reuse as a circular economy model: future scenarios considering Reg. (EU)
2020/741. Water 16:3638. doi: 10.3390/w16243638

Han, J, Li, W, Yang, Y. Zhang, X, Bao, S., Zhang, X, et al. (2023).
UV-based advanced oxidation processes for antibiotic resistance control:

efficiency, influencing factors, and energy consumption. Engineering 37, 27-39.
doi: 10.1016/j.eng.2023.09.021

Harm, W. (1980). Biological Effects of Ultraviolet Radiation. United Kingdom:
Cambridge University Press.

Harris, G. D., Adams, V. D, Sorensen, D. L., and Curtis, M. S. (1987). Ultraviolet
inactivation of selected bacteria and viruses with photoreactivation of the bacteria.
Water Res. 21, 687-692. doi: 10.1016/0043-1354(87)90080-7

He, H., Choi, Y., Wu, S. J,, Fang, X., Anderson, A. K., Liou, S-. Y., et al. (2022).
Application of nucleotide-based kinetic modeling approaches to predict antibiotic

Frontiers in Microbiology

10.3389/fmicb.2025.1605625

resistance gene degradation during UV-and chlorine-based wastewater disinfection
processes: from bench-to full-scale. Environ. Sci. Technol. 56, 15141-15155.
doi: 10.1021/acs.est.2c00567

He, H., Zhou, P., Shimabuku, K. K., Fang, X, Li, S, Lee, Y., et al. (2019).
Degradation and deactivation of bacterial antibiotic resistance genes during
exposure to free chlorine, monochloramine, chlorine dioxide, ozone, ultraviolet light,
and hydroxyl radical. Environ. Sci. Technol. 53, 2013-2026. doi: 10.1021/acs.est.
8b04393

He, J., Zheng, Z., and Lo, I. M. (2021). Different responses of gram-negative
and gram-positive bacteria to photocatalytic disinfection using solar-light-driven
magnetic TiO2-based material, and disinfection of real sewage. Water Res. 207:117816.
doi: 10.1016/j.watres.2021.117816

He, Y-. H, Ruan, G-. J., Hao, H., Xue, F., Ma, Y-. K., Zhu, S-. N, et al. (2020). Real-
time PCR for the rapid detection of vanA, vanB and vanM genes. J. Microbiol. Immunol.
Infect. 53, 746-750. doi: 10.1016/j.jmii.2019.02.002

Herraiz-Carboné, M., Cotillas, S., Lacasa, E., Vasileva, M., de Baranda, C. S,
Riquelme, E., et al. (2022). Disinfection of polymicrobial urines by electrochemical
oxidation: removal of antibiotic-resistant bacteria and genes. J. Hazard. Mater.
426:128028. doi: 10.1016/j.jhazmat.2021.128028

Hijnen, W., Beerendonk, E., and Medema, G. J. (2006). Inactivation credit of UV
radiation for viruses, bacteria and protozoan (00) cysts in water: a review. Water Res.
40, 3-22. doi: 10.1016/j.watres.2005.10.030

Hoglund, C., Stenstrém, T. A., and Ashbolt, N. (2002). Microbial risk assessment
of source-separated urine used in agriculture. Waste Manage. Res. 20, 150-161.
doi: 10.1177/0734242X0202000207

Hoglund, C., Vinneras, B., Stenstrém, T., and Jénsson, H. (2000). Variation
of chemical and microbial parameters in collection and storage tanks for
source separated human urine. J. Environ. Sci. Health Part A 35, 1463-1475.
doi: 10.1080/10934520009377047

Hokanson, D. R,, Li, K., and Trussell, R. R. (2016). A photolysis coefficient for
characterizing the response of aqueous constituents to photolysis. Front. Environ. Sci.
Eng. 10, 428-437. doi: 10.1007/s11783-015-0780-3

Howe, J. M., Featherston, W., Stadelman, W., and Banwart, G. (1965). Amino
acid composition of certain bacterial cell-wall proteins. Appl. Microbiol. 13, 650-652.
doi: 10.1128/am.13.5.650-652.1965

Kang, Y. W., Cho, M-. J., and Hwang, K-. Y. (1999). Correction of hydrogen
peroxide interference on standard chemical oxygen demand test. Water Res. 33,
1247-1251. doi: 10.1016/S0043-1354(98)00315-7

Larsen, T. A., Gruendl, H., and Binz, C. (2021). The potential contribution
of urine source separation to the SDG agenda-a review of the progress so far
and future development options. Environ. Sci. Water Res. Technol. 7, 1161-1176.
doi: 10.1039/DOEW01064B

Lienert, J., Biirki, T., and Escher, B. I. (2007). Reducing micropollutants with source
control: substance flow analysis of 212 pharmaceuticals in faeces and urine. Water Sci.
Technol. 56, 87-96. doi: 10.2166/wst.2007.560

Ma, J., Marignier, J-. L., Pernot, P., Houée-Levin, C., Kumar, A., Sevilla, M. D., et al.
(2018). Direct observation of the oxidation of DNA bases by phosphate radicals formed
under radiation: a model of the backbone-to-base hole transfer. Phys. Chem. Chem.
Phys. 20, 14927-14937. doi: 10.1039/C8CP00352A

Masjoudi, M., Mohseni, M., and Bolton, J. R. (2021). Sensitivity of bacteria,
protozoa, viruses, and other microorganisms to ultraviolet radiation. J. Res. Natl. Inst.
Standards Technol. 126, 1-77. doi: 10.6028/jres.126.021

Mchugh, C. P.,, Zhang, P., Michalek, S., and Eleazer, P. D. (2004). pH
required to kill Enterococcus faecalis in vitro. J. Endodontics 30, 218-219.
doi: 10.1097/00004770-200404000-00008

Mckinney, C. W., and Pruden, A. (2012). Ultraviolet disinfection of antibiotic
resistant bacteria and their antibiotic resistance genes in water and wastewater.
Environ. Sci. Technol. 46, 13393-13400. doi: 10.1021/es303652q

Mendonca, A. F., Amoroso, T. L., and Knabel, S. J. (1994). Destruction
of gram-negative food-borne pathogens by high pH involves disruption
of the cytoplasmic membrane. Appl. Environ. Microbiol. 60, 4009-4014.
doi: 10.1128/aem.60.11.4009-4014.1994

Mendoza-Chamizo, B., Lebner-Olesen, A., and Charbon, G. (2018). Coping with
reactive oxygen species to ensure genome stability in Escherichia coli. Genes 9:565.
doi: 10.3390/genes9110565

Michaels, H. B., and Hunt, J. (1973). Reactions of the hydroxyl radical with
polynucleotides. Radiat. Res. 56, 57-70. doi: 10.2307/3573791

Mishra, N. N., Bayer, A. S, Tran, T. T., Shamoo, Y., Mileykovskaya, E.,
Dowhan, W., et al. (2012). Daptomycin resistance in enterococci is associated
with distinct alterations of cell membrane phospholipid content. PLoS One
7:€43958doi: 10.1371/journal.pone.0043958

Moreno-Andrés, J., Romero-Martinez, L., Acevedo-Merino, A., and Nebot, E.
(2016). Determining disinfection efficiency on E. faecalis in saltwater by photolysis
of H,0,: implications for ballast water treatment. Chem. Eng. ]. 283, 1339-1348.
doi: 10.1016/j.cej.2015.08.079

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1605625
https://doi.org/10.1016/j.watres.2015.08.022
https://doi.org/10.1016/j.mrgentox.2023.503680
https://doi.org/10.1016/j.molcel.2010.09.024
https://doi.org/10.1128/AEM.72.3.2178-2184.2006
https://doi.org/10.1101/cshperspect.a012559
https://doi.org/10.1002/aheh.200600650
https://doi.org/10.1017/S1466252311000016
https://doi.org/10.54612/a.c9s3mcdqlc
https://doi.org/10.1016/j.watres.2023.120221
https://doi.org/10.1016/j.cej.2024.149708
https://doi.org/10.1016/j.ab.2020.114099
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.1073/pnas.0808035105
https://doi.org/10.1371/journal.pone.0054072
https://doi.org/10.1016/j.cej.2018.03.019
https://doi.org/10.1021/acs.est.9b04263
https://doi.org/10.1016/j.dnarep.2007.09.002
https://doi.org/10.3390/w16243638
https://doi.org/10.1016/j.eng.2023.09.021
https://doi.org/10.1016/0043-1354(87)90080-7
https://doi.org/10.1021/acs.est.2c00567
https://doi.org/10.1021/acs.est.8b04393
https://doi.org/10.1016/j.watres.2021.117816
https://doi.org/10.1016/j.jmii.2019.02.002
https://doi.org/10.1016/j.jhazmat.2021.128028
https://doi.org/10.1016/j.watres.2005.10.030
https://doi.org/10.1177/0734242X0202000207
https://doi.org/10.1080/10934520009377047
https://doi.org/10.1007/s11783-015-0780-3
https://doi.org/10.1128/am.13.5.650-652.1965
https://doi.org/10.1016/S0043-1354(98)00315-7
https://doi.org/10.1039/D0EW01064B
https://doi.org/10.2166/wst.2007.560
https://doi.org/10.1039/C8CP00352A
https://doi.org/10.6028/jres.126.021
https://doi.org/10.1097/00004770-200404000-00008
https://doi.org/10.1021/es303652q
https://doi.org/10.1128/aem.60.11.4009-4014.1994
https://doi.org/10.3390/genes9110565
https://doi.org/10.2307/3573791
https://doi.org/10.1371/journal.pone.0043958
https://doi.org/10.1016/j.cej.2015.08.079
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Demissie et al.

Moussavi, G., Fathi, E., and Moradi, M. (2019). Advanced disinfecting and post-
treating the biologically treated hospital wastewater in the UVC/H, 0, and VUV/H, 0,
processes: performance comparison and detoxification efficiency. Process Safe. Environ.
Prot. 126, 259-268. doi: 10.1016/j.psep.2019.04.016

Nasser, A., Paulman, H., Sela, O., Ktaitzer, T., Cikurel, H., Zuckerman, L., et al.
(2006). UV disinfection of wastewater effluents for unrestricted irrigation. Water Sci.
Technol. 54, 83-88. doi: 10.2166/wst.2006.452

Nordin, A. (2010). Ammonia sanitisation of human excreta. Energy and technology
(thesis). Swedish University of Agricultural Sciences, Uppsala.

Nordin, A., Nyberg, K., and Vinnerds, B. (2009). Inactivation of Ascaris eggs in
source-separated urine and feces by ammonia at ambient temperatures. Appl. Environ.
Microbiol. 75, 662-667. doi: 10.1128/AEM.01250-08

Ormeci, B., and Linden, K. G. (2002). Comparison of UV and chlorine inactivation
of particle and non-particle associated coliform. Water Sci. Technol. Water Supply 2,
403-410. doi: 10.2166/ws.2002.0197

Raffellini, S., Schenk, M., Guerrero, S., and Alzamora, S. M. (2011). Kinetics of
Escherichia coli inactivation employing hydrogen peroxide at varying temperatures,
pH and concentrations. Food Control 22, 920-932. doi: 10.1016/j.foodcont.2010.
11.027

Rahn, R. O. (1997). Potassium iodide as a chemical actinometer for 254 nm
radiation: use of lodate as an electron scavenger. Photochem. Photobiol. 66, 450-455.
doi: 10.1111/§.1751-1097.1997.tb03172.x

Ray, H., Saetta, D., and Boyer, T. H. (2018). Characterization of urea hydrolysis
in fresh human urine and inhibition by chemical addition. Environ. Sci. Water Res.
Technol. 4, 87-98. doi: 10.1039/C7EW00271H

Rincon, A-. G., and Pulgarin, C. (2004). Effect of pH, inorganic ions,
organic matter and H202 on E. coli K12 photocatalytic inactivation by TiO,:
implications in solar water disinfection. Appl. Catal. B Environ. 51, 283-302.
doi: 10.1016/j.apcatb.2004.03.007

Rodriguez-Chueca, J., Ormad, M. P., Mosteo, R., and Ovelleiro, J. L. (2015).
Kinetic modeling of Escherichia coli and Enterococcus sp. inactivation in wastewater
treatment by photo-Fenton and H202/UV-vis processes. Chem. Eng. Sci. 138, 730-740.
doi: 10.1016/j.ces.2015.08.051

Rosenfeldt, E. J., Linden, K. G., Canonica, S., and Von Gunten, U. (2006).
Comparison of the efficiency of OH radical formation during ozonation and the
advanced oxidation processes O3/H,0, and UV/H,0,. Water Res. 40, 3695-3704.
doi: 10.1016/j.watres.2006.09.008

Schoénning, C., Leeming, R., and Stenstrom, T. A. (2002). Faecal contamination of
source-separated human urine based on the content of faecal sterols. Water Res. 36,
1965-1972. doi: 10.1016/S0043-1354(01)00427-4

Senecal, J. (2020). Safe nutrient recovery from human urine-system and hygiene
evaluation of alkaline urine dehydration (thesis). Swedish University of Agricultural
Sciences, Uppsala.

Senecal, J., Nordin, A., Simha, P., and Vinneras, B. (2018). Hygiene aspect
of treating human urine by alkaline dehydration. Water Res. 144, 474-481.
doi: 10.1016/j.watres.2018.07.030

Senecal, J., and Vinneras, B. (2017). Urea stabilisation and concentration for urine-
diverting dry toilets: urine dehydration in ash. Sci. Total Environ. 586, 650-657.
doi: 10.1016/j.scitotenv.2017.02.038

Simha, P. (2021). Alkaline Urine Dehydration: how to dry source-separated human
urine and recover nutrients? (thesis). Swedish University of Agricultural Sciences,
Uppsala, Sweden.

Simha, P., Courtney, C. and Randall, D. G. (2024). An urgent call for
using real human urine in decentralized sanitation research and advancing

Frontiers in Microbiology

12

10.3389/fmicb.2025.1605625

protocols for preparing synthetic urine. Front. Environ. Sci. 12:1367982.
doi: 10.3389/fenvs.2024.1367982
Simha, P., Lalander, C., Nordin, A., and Vinneras, B. (2020). Alkaline

dehydration of source-separated fresh human urine: preliminary insights into
using different dehydration temperature and media. Sci. Total Environ. 733:139313.
doi: 10.1016/j.scitotenv.2020.139313

Siqueira Jr, J., and Lopes, H. (1999). Mechanisms of antimicrobial activity
of calcium hydroxide: a critical review. Int. Endodontic J. 32, 361-369.
doi: 10.1046/j.1365-2591.1999.00275.x

Sittovd, M., Roéderovd, M., Dendis, M., Hricovd, K., Pudova, V., Horvath,
R, et al. (2015). Application of molecular diagnostics in primary detection
of ESBL directly from clinical specimens. Microbial Drug Resist. 21, 352-357.
doi: 10.1089/mdr.2014.0210

Starliper, C. E., and Watten, B. J. (2013). Bactericidal efficacy of elevated
pH on fish pathogenic and environmental bacteria. J. Adv. Res. 4, 345-353.
doi: 10.1016/j.jare.2012.06.003

STATISTA, Z. Z. (2024). Global Demand for Agricultural Fertilizer by Nutrient From
2011/2012 to 2022/2024. Hamburg: STATISTA.

Sun, P, Tyree, C., and Huang, C-. H. (2016). Inactivation of Escherichia coli,
bacteriophage MS2, and Bacillus spores under UV/H202 and UV/peroxydisulfate
advanced disinfection conditions. Environ. Sci. Technol. 50, 4448-4458.
doi: 10.1021/acs.est.5b06097

Vilhunen, S., Puton, J., Virkutyte, J., and Sillanpaa, M. (2011). Efficiency of hydroxyl
radical formation and phenol decomposition using UV light emitting diodes and
H,0,;. Environ. Technol. 32, 865-872. doi: 10.1080/09593330.2010.516770

Vinnerds, B., Palmquist, H., Balmér, P., and Jénsson, H. (2006). The characteristics
of household wastewater and biodegradable solid waste-A proposal for new Swedish
design values. Urban Water J. 3, 3-11. doi: 10.1080/15730620600578629

WHO, Z. Z. (2006). WHO Guidelines for the Safe Use of Wasterwater Excreta and
Greywater. Geneva: World Health Organization.

WHO, Z. Z. (2013). Guidelines for the Safe Use of Wastewater, Excreta and
Greywater, Vol. 4. Geneva: WHO.

WHO, Z. Z. (2024). WHO Bacterial Priority Pathogens List, 2024: Bacterial
Pathogens of Public Health Importance to Guide Research, Development and Strategies
to Prevent and Control Antimicrobial Resistance. Geneva: WHO.

Woldeyohannis, N. N., and Desta, A. F. (2023). Fate of antimicrobial resistance
genes (ARG) and ARG carriers in struvite production process from human urine. J.
Environ. Sci. Health Part A 58, 783-792. doi: 10.1080/10934529.2023.2235246

Zhang, J., Su, P., Chen, H., Qiao, M., Yang, B., Zhao, X,, et al. (2023). Impact
of reactive oxygen species on cell activity and structural integrity of Gram-positive
and Gram-negative bacteria in electrochemical disinfection system. Chem. Eng. J.
451:138879. doi: 10.1016/j.cej.2022.138879

Zhang, R., Sun, P., Boyer, T. H., Zhao, L., and Huang, C-. H. (2015). Degradation
of pharmaceuticals and metabolite in synthetic human urine by UV, UV/H202, and
UV/PDS. Environ. Sci. Technol. 49, 3056-3066. doi: 10.1021/es504799n

Zhang, R., Yang, Y., Huang, C-. H.,, Zhao, L., and Sun, P. (2016). Kinetics and
modeling of sulfonamide antibiotic degradation in wastewater and human urine by
UV/H202 and UV/PDS. Water Res. 103, 283-292. doi: 10.1016/j.watres.2016.07.037

Zhou, X., Cuasquer, G. J. P, Li, Z, Mang, H. P, and Lv, Y. (2021).
Occurrence of typical antibiotics, representative antibiotic-resistant bacteria, and

genes in fresh and stored source-separated human urine. Environ. Int. 146:106280.
doi: 10.1016/j.envint.2020.106280

Zoschke, K., Bornick, H., and Worch, E. (2014). Vacuum-UV radiation at 185 nm
in water treatment-a review. Water Res. 52, 131-145. doi: 10.1016/j.watres.2013.12.034

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1605625
https://doi.org/10.1016/j.psep.2019.04.016
https://doi.org/10.2166/wst.2006.452
https://doi.org/10.1128/AEM.01250-08
https://doi.org/10.2166/ws.2002.0197
https://doi.org/10.1016/j.foodcont.2010.11.027
https://doi.org/10.1111/j.1751-1097.1997.tb03172.x
https://doi.org/10.1039/C7EW00271H
https://doi.org/10.1016/j.apcatb.2004.03.007
https://doi.org/10.1016/j.ces.2015.08.051
https://doi.org/10.1016/j.watres.2006.09.008
https://doi.org/10.1016/S0043-1354(01)00427-4
https://doi.org/10.1016/j.watres.2018.07.030
https://doi.org/10.1016/j.scitotenv.2017.02.038
https://doi.org/10.3389/fenvs.2024.1367982
https://doi.org/10.1016/j.scitotenv.2020.139313
https://doi.org/10.1046/j.1365-2591.1999.00275.x
https://doi.org/10.1089/mdr.2014.0210
https://doi.org/10.1016/j.jare.2012.06.003
https://doi.org/10.1021/acs.est.5b06097
https://doi.org/10.1080/09593330.2010.516770
https://doi.org/10.1080/15730620600578629
https://doi.org/10.1080/10934529.2023.2235246
https://doi.org/10.1016/j.cej.2022.138879
https://doi.org/10.1021/es504799n
https://doi.org/10.1016/j.watres.2016.07.037
https://doi.org/10.1016/j.envint.2020.106280
https://doi.org/10.1016/j.watres.2013.12.034
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Simultaneous inactivation of antibiotic-resistant bacteria and degradation of antibiotic-resistant genes in alkalised human urine
	1 Introduction
	2 Methods
	2.1 Experimental set-up
	2.2 Urine collection and treatment
	2.3 Bacteria cultivation, inoculation and enumeration
	2.4 DNA extraction and qPCR
	2.5 Analysis of standard physico-chemical parameters
	2.6 Data analysis

	3 Results
	3.1 Inactivation of antibiotic-resistant E. coli and E. faecium strains
	3.2 Degradation of antibiotic-resistant genes

	4 Discussion
	4.1 Inactivation of antibiotic-resistant bacteria
	4.2 Reduction of antibiotic-resistant genes

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


