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Abstract

Salmonellosis is one of the most common causes of foodborne bacterial human disease worldwide and the
emergence of multidrug resistant (MDR) strains of Salmonella enterica serovar Typhimurium (S.
typhimurium) was associated to the incidence of invasive salmonellosis. The objective of the present work
was to investigate the effects of the TiO2 photocatalysis process in terms of both bacteria inactivation and the
emergence of mutants, on S. typhimurium TA102 water suspensions. The TiOz photocatalysis was compared
with a conventional disinfection process i.e. UV-C radiation. In spite of the faster bacterial inactivation
obtained in UV-C disinfection experiments (45, 15 and 10 min for total inactivation for initial cell density 10°,
10® and 107 CFU mL!, respectively), photocatalytic disinfection (60, 30 and 15 min) was more energy efficient
because of a lower energy requirement (2 - 20 mWs cm2) compared to the UV-C disinfection process (5 - 30
mWs c¢m?). During the photocatalytic experiments, the mutation frequency increased up to 1648 fold
compared to background level for a 108 CFU mL! initial bacterial density, and mutants were inactivated after
1 - 10 min treatment, depending on initial bacterial cell density. In UV-C disinfection experiments, the
mutation frequency increased up to 2181 fold for a 103 CFU mL! initial bacterial cell density, and UV-C doses
in the range 0.5 - 4.8 mWs cm? were necessary to decrease mutation frequency. In conclusion, both
disinfection processes were effective in the inactivation of S. typhimurium cells and mutants release into the

environment can be avoided if cells are effectively inactivated.

Keywords: advanced oxidation processes, Ames test, mutagenicity, Salmonella typhimurium, water

disinfection.
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1. Introduction

Salmonellosis is one of the most common causes of foodborne bacterial human disease worldwide and a
significant increase in the number of Salmonella infections has been observed in many countries over the past
decade (Rahmani et al. 2013). Specifically, Sa/monella spp. results in approximately 93.8 million cases of
gastroenteritis annually worldwide, leading to 155,000 deaths each year (Majowicz et al. 2010). The genus
Salmonella comprises two species S. bongori and S. enterica, the latter one being in turn divided in six sub-
species that cover more than 2550 serovars according to their O and H antigens. Among them, S. enterica
serovar Typhimurium, is a primary enteric pathogen mainly associated to human and other warm-blooded
vertebrates (Popoff 2001, Fabrega and Vila 2013). In the last years, a close association was reported between
the emergence of multidrug resistant (MDR) strains of Salmonella and the incidence of invasive salmonellosis
(Gordon et al. 2008). The increased frequency of MDR Salmonella strains in human infections and the ensuing
consequences it has on a health perspective (Oubrim et al. 2012; Rahman et al. 2014), brings to light the
possible role of fecally contaminated waters in the spread of MDR Salmonella (Levantesi et al. 2012).

Food and water still play the main roles in the transmission of Salmonella. Salmonellae are excreted through
animal and human feces into the environment and are frequently found in aqueous matrices. In particular, they
typically occur in large numbers in raw sewage (Oubrim et al. 2012) and can still persist in wastewater
effluents (Masarikova et al. 2016) even after a disinfection process (Wéry et al. 2008). A study indicated that
80% of wastewater samples used for irrigation was positive for Salmonella (Nutt et al. 2003). Moreover, it
has been detected in various types of natural waters such as rivers, lakes, coastal waters, as well as
contaminated ground water (Polo et al. 1999; Martinez-Urtaza et al. 2004; Haley et al. 2009; Levantesi et al.
2010).

Different studies have investigated the inactivation of Salmonella strains by disinfection processes in water
and wastewater. In particular, Koivunen and Heinonen-Tanski (2005) evaluated the effect of different
disinfection processes on Salmonella strains in synthetic wastewater where the treatment with peracetic acid
and UV radiation has been shown to be faster than UV radiation alone and chlorine processes for the
inactivation of Salmonella enteritidis. In some instance, Salmonella has been found to be more resistant to
disinfection processes than others bacterial indicators (Berney et al. 2006; Rincon and Pulgarin 2007, Sciacca

etal. 2011; Li et al. 2012). On the other hand, conventional disinfection by either chlorination or UV radiation

may not be effective enough in controlling the spread of pathogens including resistant-miereorganisms—and
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partiewlarly antibiotic resistance microorganisms (Rizzo et al. 2013), therefore alternative disinfection
methods should be investigated. Advanced oxidation processes (AOPs) (e.g., Fenton, photo- Fenton, TiO:
photocatalysis, UV/O3, UV/H202 etc.) have been found effective in the removal of a wide range of
contaminants (Rizzo 2011). Among AOPs, TiO2 photocatalysis is a promising water disinfection option,
because of its capacity to inactivate a wide range of pathogens in water (Dunlop et al. 2011; Polo-Lopez et al.
2014; Rizzo et al. 2014a); however, to the best of our knowledge, the effectiveness of TiO2 photocatalysis on
the inactivation of selected Salmonella strains and/or its possible effect in terms of mutagenicity has not been
investigated so far. Indeed, if the inactivation of microbial indicators during treatment/disinfection processes
is well documented, specific process-induced mutagenicity is generally occulted, apart from demonstrating
the production of genotoxic by-products. Yet, in Salmonella as for other organisms, gene mutations can confer
resistance to antimicrobial by altering the corresponding protein target or by altering the substrate specificity
of existing antimicrobial degrading enzymes (Michael et al. 2006). Thus, beyond bacterial inactivation,
considering process-induced mutagenicity might prove to be of prime importance for a better control of
antibiotic resistance pathogens in the released effluents. In fact, antibiotic resistances can be acquired either
through gene transfer or by mutation of the target gene. If the effects of various treatment strategies on the
persistence of resistance genes/bacteria start now to be relatively well documented, the effects of such
treatments on the emergence (mutation) and dissemination (transfer) of antibiotic resistance genes remains
scarce nay inexistent, and needs further consideration (Sharma et al 2016).

The objective of the present work was to investigate the effects of the TiO2 photocatalysis process in terms of
inactivation and mutagenicity on a model microorganism. Sa/monella was chosen as target/model organism
(its genus belongs to the Enterobacteriaceae, the same family as Escherichia, which includes the species E.
coli) because of (i) its spread in aqueous matrices (particularly in natural water and wastewater), (ii) the related
concern for human health (it can cause illnesses such as typhoid fever and paratyphoid fever) and (iii) its role
in antibiotic resistance spread. Moreover, the effect of TiO: photocatalysis on the inactivation and

mutagenicity of Salmonella was compared with a conventional disinfection process i.e. UV-C disinfection.

2. Material and methods

2.1 Bacterial strain and media
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Salmonella enterica serovar Typhimurium strain TA102 was used as tester strain for general mutagenicity
testing according to Maron and Ames (1983). Strain TA102 has been extensively used and reported under its
former species name “Salmonella typhimurium” and will be reported as such in this manuscript to avoid
unnecessary confusion. Strain TA102 exhibits a requirement for histidine and therefore cannot grow on
minimal medium unless the Ais428 mutation, carried on its plasmid pAQ1, mutates back to a prototrophic
form. S. typhimurium TA102 was routinely cultured at 37°C on Vogel-Bonner minimal medium supplemented
with D-Glucose, D-Biotin and L-Histidine (Maron and Ames 1983). For isolation of His+ revertants, the
histidine supplement was omitted from the medium. Strain S. fyphimurium TA102 was selected among a
variety of other Salmonella tester strains because of its noticeable sensitivity to numerous mutagenic agents,
including UV, that are otherwise poorly detected by alternative tester strains (Maron and Ames 1983).

TA102 bacteria were unfrozen and revived by streaking on Vogel-Bonner agar plate supplemented with
Glucose and Histidine and incubated at 37 °C for 48 h. A single colony from the plate was inoculated into 10
mL sterile lysogeny broth (LB, Sigma-Aldrich, USA) and incubated at 30°C for 18 h under agitation (160
rpm) in a rotating shaker to obtain a stationary phase culture. Cells were washed twice by alternating
centrifugations at 5000 rpm for 2 min and pellets re-suspensions in 10 mM MgSOs. The final volumes were
adjusted to obtain cell concentrations at either 10°, 10® or 107 CFU mL!; these suspensions were prepared

independently and then used in independent disinfection experiments.

2.2 TiO: photocatalysis tests

Photocatalytic tests were carried out in a 2.2 L cylindrical glass reactor (13.0 cm in diameter) filled in with
the 400 mL of sample. The thickness of liquid was constant and equal to the liquid depth (3 cm). The reactor
was placed in a water bath to control the temperature at 30°C during the experiments. The aqueous suspension
in the reactor was stirred continuously. A wide spectrum 250 W lamp (Procomat, Italy) with a peak of light
intensity in the UV-A range of 0.012 mW cm™ at 350 nm was used as light source. The lamp was placed
horizontally, 40 cm above the surface of the water. Degussa P25 TiO2 was used as slurry as received from the
manufacturer to perform heterogeneous photocatalytic experiments. They were carried out at concentration of
100 mg L ! according to previously set conditions (Rizzo et al. 2014b). Finally, control tests with TiO2 under

dark conditions and UV irradiation alone were carried out in order to distinguish their respective contribution
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to S. typhimurium TA102 inactivation and stress-induced mutagenicity compared to the photocatalytic

process.

2.3 UV-C disinfection tests

UV-C experiments were carried out in 40 mL glass Petri dishes (diameter: 90 mm) filled in with 25 mL of
sample. Petri dishes were gently stirred throughout the exposure time under a collimating apparatus (Simonet
and Gantzer, 2006) equipped with a low-pressure mercury vapor lamp (10-W Slimline germicidal lamp,
ozone-free Ster-L-Ray G12T6L; Atlantic UV Corporation) emitting monochromatic (253.7-nm) UV light.
The irradiance at the center of the beam at the water surface was about 0.008 mW c¢cm™, and was delivered by
a UV tube positioned horizontally, 20 cm above the surface of the water. Different UV-C doses were achieved

by varying the exposure time

2.4 Bacterial count and mutation frenquencies

Bacterial cells exposed to UV-C and TiO» photocatalysis treatment were recovered, serially diluted in 10 mM
MgSOs4, and spread in triplicate on minimal glucose agar with and without histidine. Plates were incubated at
37°C for 48-72h. Each sample was analyzed in triplicate. Mutation frequencies were obtained as ratios
between the number of revertants (counts on plates without histidine) and the total bacterial cell counts (on

medium with histidine).

2.5 Statistical analysis

The correlations between the bacterial mortality (log (N/No)) and the duration of the treatments, or the doses
received, were assessed using the Pearson’s test. Then, regression data analyses were performed on log-
transformed data: log(N/No) for the total cell counts and log(F/Fo) for the frequencies of mutation. The effects
of both the treatment and the initial bacterial cell load were analyzed using a Fisher F-test and a Student T-
test. The “Fisher F-test” was used to test data for homogeneity of variances. Thereafter, once homogeneity
was verified, a “Student T-test” was further used to compare the trends (slopes) of linear regressions. A

statistical difference revealed by a Student T-test, combined to the comparison of regression trendlines (slopes)
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allowed determining whether a given treatment or condition had stronger effects than another one. Statistical

correlations and statistical comparisons are presented in supplementary material.

3. Results and discussion

3.1 TiO: photocatalytic tests

3.1.1 Control tests

Photocatalytic tests were carried out by using a wide spectrum lamp with the main emission in UV-A
wavelength range (400-315 nm) and TiO: as photocatalyst. Therefore, control tests were carried out using
UV-A radiation and TiO: as stand-alone processes in order to evaluate the effective contribution of
photocatalytic process (UV/TiOz2) on both the inactivation of strain TA102 and the induction of His+ revertant
mutants.

TiOz control experiments were carried out in the dark and did not result in any significant change neither in
the initial bacterial density and nor the mutants count (2h treatment; data not shown). UV-A control tests were
carried out up over time to 15, 30 and 60 min irradiation time with initial cell suspension density of 107, 108
and 10° CFU mL!, respectively, according to the respective minimum treatment time necessary to achieve
total S. typhimurium TA102 inactivation by the corresponding UV/TiO: process. As shown in Figure 1 and
Supplementary section 3, the UV-A control tests resulted in a moderate (but statistically significant) cell

inactivation and weak changes in mutation frequency over the course of the UV-A exposure time

Figure 1

The bacteria inactivation clearly appears exposure time dependent, it did not seem to be significantly
influenced by initial cell load as for a given time of UV-A exposure a similar cell count reduction is observed
(ca. 1 log reduction for a 15 min exposure). On a statistical point of view, the decreasing trend in viable cell
counts correlates with the exposure time but the absence of homogenous variances does not allow drawing
any conclusion regarding a possible effects of the initial cell load (Supplementary sections 2 and 3). The
evolution of the His+ mutant counts appear to decrease at a slower pace compared to the total viable count,
with 0.5 log units decrease after 15 min to 2.2 log units decrease after 60 min treatment time (Figure 1a). This

7
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may indicate that an increase of the mutation frequency, therefore producing more His+ mutants, could
partially compensate the inactivation of the His+ subpopulation. This seems to be particularly true for the 10°
CFU mL ! initial cell density suspension, where a 231 fold increase of the mutation frequency was reached
after 60 min of UV-A exposure. Nevertheless, when comparing the different evolution of the mutation
frequencies (log F/Fo) as a function of the treatment dose (exposure time), no statistical difference was
observed between the different initial cell loads (Supplementary Fig. S2, Table S3).

The inactivation of S. typhimurium TA102 can be explained through the damage caused by UV-A radiation
following its absorption by cellular components called intracellular chromophores. Light absorption through
chromophores contributes to the generation of reactive oxygen species (ROS). According to McGuigan et al.
(2012), the UV-A wavelengths bordering on visible light are not sufficiently energetic to alter DNA directly.
Nevertheless, UV-A play an important role in promoting the formation of intracellular ROS (singlet oxygen,

superoxide, hydrogen peroxide, and hydroxyl radical), which can in turn damage DNA.

3.1.2 8. typhimurium TAI02 inactivation by TiO: photocatalysis

The results of S. typhimurium TA102 inactivation by TiO2 photocatalysis are plotted as function of irradiation

time in Figure 2.

Figure 2

The initial bacterial density strongly affected the inactivation rate by TiO: photocatalysis (Fig. 2;
Supplementary section 4). The complete bacterial inactivation was achieved after 60, 30 and 15 min of
irradiation for initial bacterial densities of 10°, 108 and 10’ CFU mL"}, respectively. Compared to control test
with UV-A radiation alone (Fig.1), TiO2 photocatalytic process was found to be undoubtedly more effective,
which was further demonstrated by a Student comparison T-tests on both series of data (Supplementary section
6). Cho et al. (2004) evaluated the correlation between hydroxyl radicals ("OH) and E. coli inactivation rates
under UV/TiO: treatment. The concentration of *OH during photocatalytic treatment was quantified by
measuring p-chlorobenzoic acid (a probe compound) degradation rate. The results demonstrated an excellent
linear correlation between *“OH and the rate of E. coli inactivation, which indicates that the *OH radical is the
primary oxidant species responsible for inactivating E. coli in the UV/TiOz process. The inactivation of S.
typhimurium TA102 by photocatalysis with UV-A lamp in combination with TiO: at concentration of 0.5 g L

8
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! was studied by Long et al. (2014). Three different initial cell loads were investigated: 107, 10° and 10° CFU
mL!, and a complete inactivation was reached after 180, 70 and 60 min respectively. Slower inactivation rates,
as might be expected, were obtained with only the UV-A lamp. A similar study, with the inactivation of
Salmonella enteretidis (initial bacterial density of 108 CFU mL™"') by UV-A lamp and TiO: at concentration of
1.0 g L' was carried out by Robertson et al. (2005). A decrease of 5 log units was reached after 120 min of
treatment, however, quite surprisingly, little difference was observed in experiments without catalyst and only
with UV-A lamp. In our previous experiments, the effect of TiO2/sunlight experiment on antibiotic resistant
Escherichia coli strains was investigated by using the same experimental set up (2.2 L cylindrical glass reactor
and 250 W lamp) and a total inactivation was achieved after 60 min, with 100 mg L! of TiO2 and an initial
bacterial load of 10° CFU mL™! (Rizzo et al. 2014b). Wang et al. (2014) also reported that the rate of bacterial
inactivation, or real antimicrobial activity by TiO2, depends on the initial bacterial concentration. In the present
study, we also found that the inactivation rate of strain TA102 was exposure time-dependent and statistically
stronger as the initial cell load decrease (Supplementary section 4). Possibly, when the initial bacteria
population is too high, there is a bigger buffering capacity for the hydroxyl radicals, which is not only due to
the large amount of cells but also from the mineralization products in the reaction process. In 2011, Foster et
al. proposed a killing mechanism where hydroxyl radicals progressively damage the cell surface structures
leading to the release of intracellular material/molecules that can in turn be undergo further degradation up to
a complete mineralization. From this it can then be assumed that the released intracellular components here
seen as intermediate products of photocatalysis, have a protective effect on live bacteria as they compete with

live cells for interacting with hydroxyl radicals, and thus contribute to the loss of antibacterial activity. Ir-eur

mE"-(Rizzo-et-ak2014b).

In spite of the debate over which process lead to death of an organism exposed to photocatalytic action, most
of the experimental evidences show that the destruction of the cell membrane is an important issue for
inactivation (Dalrymple et al. 2010). The mechanism for bacterial destruction by TiO2 photocatalysis has been
proposed to occur via attack by *OH generated on the photocatalyst surface and the mode of microbial
destruction suggest that initial target for photocatalytic attack is the bacterial cell wall. Gram-negative cell

wall includes a thin peptidoglycan layer, and an external membrane made of lipopolysaccharide (LPS) and
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phospholipid. In gram-negative bacteria, peptidoglycan layer makes up only about 10% of the cell wall and it
is likely that it may be susceptible to radical attack (Lu et al. 2003). LPS layer and the phospholipid bilayer
are made up of fatty acids, which may be also susceptible to radicals attack. The possibility of radicals to travel
only very short distances and the presence of an intact membrane reduce the probability of the radical reaching
intracellular components such as DNA, but once the radicals are generated in close proximity to the target
molecules, they will be able to inflict injury directly (Dalrymple et al. 2010). On the other hand, two *OH
radicals may recombine to form hydrogen peroxide, which may inactivate bacterial cells on a longer distance

between the source of radicals and the target (Foster et al. 2011).

3.1.3  S. typhimurium mutagenicity during TiO: photocatalysis tests

The mutation frequencies were also evaluated following the TiO: photocatalytic tests, and displayed a 42,
1648, 32 fold increase compared to background level for a 10°, 10® and 10’ CFU mL"! initial bacterial density,
respectively (Fig. 2). The evolution of the mutation frequencies as a function of the treatment exposure time
displayed biphasic aspects with an initial increase followed by a slow-down or a decrease as the exposure time
increases. It is worth noting that the increased mutation frequencies are not associated to dramatic increases
of the mutants counts; considering the fact that the emerging mutants are also subjected to an increase loss of
cell viability, the apparent stability of the mutants counts probably result from an increased mutation frequency
counterbalanced by an increased cell killing. If the levels of mutation reached were clearly different depending
on the initial cell load (Fig. 2), statistical analyses demonstrated that the evolution of the mutation frequency
(as a function of the exposure time) were similar for the 103 and 107 CFU mL! initial cell load (Supplementary
section 4). This tends to show (i) that the treatment is in fact equally effective for these two initial cell loads
in terms of dose-dependent effects, but (ii) the 107 CFU mL™! suspension stops accumulating mutations earlier
than the 108 CFU mL™! probably because of a stronger killing effect.

The effect of different oxidants/disinfectants (namely chlorine, chlorine dioxide and ozone) on genotoxicity
has been studied by different authors (Monarca et al. 2000; Misik et al. 2011; Magdeburg et al. 2014), but no
information is available in scientific literature (to authors’ knowledge) on the effect of photocatalytic processes
on the induction of mutants in Salmonella strains after treatment. Basically, Salmonella disinfection-induced
mutagenicity has been mainly related to the formation of disinfection by-products. For example, Magdeburg
et al. (2014) studied the effect of ozone, as tertiary treatment, in a pilot scale wastewater treatment. The Ames

assay using Salmonella typhimurium strain YG7108 revealed an ozone-dose dependent mutagenicity increase

10
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after wastewater ozonation, indicating the formation of alkylating mutagenic oxidation by-products. The
impact of ozone treatment on genotoxic and acute toxic effects of tertiary treated municipal wastewater was
investigated by Misik et al. (2011). After ozone treatment, they observed a decrease of the mutagenic activity
of the samples and the bactericidal effects were reduced by ozonation. The influence of disinfectants such as
chlorine dioxide, ozone, peracetic acid and, UV radiation, on the formation of mutagenic compounds has been
evaluated by Monarca et al. (2000). They evaluated the mutagenicity using the Ames test and all disinfectant
treatments induced the formation of mutagenic compounds, particularly chemical treatment with ClO2 or
ozone, in contrast with physical treatment with UV-C lamp.

Despite the lack of work available in scientific literature concerning the effect of TiO2 photocatalytic process
on the formation of mutants in Sa/monella strains, the possible role of hydroxyl radicals has been investigated
(Kanno et al. 2012). De Kok et al. (1992) used electron spin resonance (ESR) spectroscopy to detect and
identify oxygen species generated by fecapentaenes (potent genotoxins found in human feces) and investigated
the influence of scavenging reactive oxygen species (dimethyl sulfoxide (DMSO), t-butyl alcohol, t-butyl
hydroperoxide (TBOOH), 2,2,6,6-tetramethylpiperidine and 5,5-dimethyl-Ipyrroline-A'-oxide) on the
mutagenicity of Salmonella strains including TA102. All hydroxyl radical scavengers significantly reduced
the number of revertants (except for DMSO in combination with TBOOH), thus showing that hydroxyl radical
could mediate mutagenicity of the Salmonella strains although the precise mechanisms did not appear clearly
identified. In another study, hydrogen peroxide-induced mutagenicity in Salmonella typhimurium TA102 was
assumed to be caused by hydroxyl radicals generated by iron ions closely associated with DNA, since iron
chelators or hydroxyl radical scavengers (ascorbic acid or DMSO) exhibited effective anti-mutagenic effects

(Grey and Adlercreutz, 2003).

3.2 UV-C disinfection tests

3.2.1  S. typhimurium TA102 inactivation by UV-C disinfection tests

UV-C irradiation tests were carried out in order to compare the results from TiO2 photocatalytic process with
amore conventional disinfection process. Figure 3 shows the evolution of cell counts and mutation frequencies
as a function of UV energy. Control tests carried out in the dark (sample stored at room temperature for 4

hours) did not show any change in bacterial cultivability (data not shown).
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Figure 3

Whatever the initial cell load, a progressive loss of cultivability of strain TA102 was observed as the UV-dose
was increased, which was confirmed by a Pearson correlation test (Supplementary section 2). For the highest
initial cell load (10° CFU mL™"), the total cell count dropped down by 9 log units and total inactivation was
reached after about 45 min of UV exposure (Fig.3a), which correspond to a 30 mWs cm™ (45 min irradiation
time) UV-C dose. As the initial bacterial density was decreased to 10® (Fig. 3b) and 107 (Fig. 3¢) CFU mL!,
the total bacteria inactivation was achieved in 15 and 10 min, respectively while the corresponding UV-C
doses were relatively close in both experiments (approximately 5-10 mWs cm™). Statistically, the cell count
abatements (log (N/No)) appeared similar in terms of dose-dependent decrease for the two lower initial cell
loads (Supplementary section 5) although longer treatment are necessary to achieve a full inactivation of the
higher initial cell load. The cell count abatement obtained for the 10° CFU mL"! suspension appeared to
decrease at a significant lower pace (Supplementary Fig. S5) compare the two other suspensions, which
probably reflect the shield effect exerted by bacteria when the cell density is too high. However, a direct
dependence of initial concentration of microorganism and UV dose necessary to reach a full cell inactivation
was expected. Its estimation was based on the averaged incident radiation energy over the reactor volume that
is a dynamic function of the absorption coefficient, which itself depends dynamically on the concentration of
active cells (Silva et al. 2013). UV-C disinfection relies on the sensitivity of the microorganism to UV
radiation. This is unique to each microorganism and is determined by its ability to absorb at 200-280 nm
(germicidal wavelength range), so inactivating their active cells through UV-induced damages such as the
formation of pyrimidine dimers in their DNA. UV-induced damages disrupt the DNA structure, so that, if a

critical number of dimers is formed, the DNA cannot replicate (Hignen et al. 2006).

At a first glimpse, the cell complete inactivation was faster in the UV-C disinfection experiments compared
to photocatalytic disinfection experiments for all initial bacterial densities investigated (Fig.2). However,
considering the energy engaged in both treatments, the photocatalytic process was more efficient than the UV-
C process because a lower energy was required to achieve a total S. #yphimurium inactivation (in the range 2

-20 mWs cm).
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3.2.2 8. typhimurium mutagenicity during UV-C disinfection tests

The mutation frequencies, increased in a UV-C dose dependent manner to reach a maximum corresponding
to a 21, 2181 and 26 fold increase compared to background level, for 10°, 10® and 107 CFU mL"! initial
bacterial density, respectively (Fig. 3). UV-C doses higher than 7.2, 2.4 and 0.5 mWs cm™ respectively,
resulted in absence of detectable mutants, where the deleterious effect of the UV-C treatment ultimately
dominates over the emergence of mutants (Fig.3). As for the photocatalytic treatment, the evolution of the
mutation frequencies displayed a dose-dependent biphasic aspects with an initial increase followed by a slow-
down/decrease for higher UV-C doses. Here again, statistical analysis demonstrated that the initial increase of
the log(F/Fo) ratio appeared to evolve at a lower pace for the 10° CFU mL™! cell suspension than the 10% and
the 107 CFU mL™! ones (Supplementary section 5), which mean that different initial cell load are not equally
sensitive as far as cell are numerous enough to exert a shield effect. UV radiation produces many types of
photochemical alterations (e.g., in DNA, RNA, protein, membranes) but DNA remains the major target for
the deleterious effects of UV radiation all together because of its large size, its efficient UV absorption, its
low number of copies per cells, and finally because it is the support of genetic information (Grossweiner et al.
2005). A large number of different types of damage are produced in DNA by UV irradiation however,
mutagenic lesions principally result from the formation of pyrimidine dimers and pyrimidine adducts (Sinha
and Héder 2002). UV-induced mutagenesis is a highly complex process involving different photoproducts and
repair mechanisms that deal with them. Tate et al. (2006) characterized the damage of UV-C radiation in
Salmonella typhimurim strain TA98. The damage was found primarily localized in the nucleic acids and it
results from direct absorption of photons by the target molecules. According to the authors, the damage
produced by UV-C was predominately in the form of pyrimidine dimers and 6-4 photoproducts resulting from
the direct photon absorption by DNA. UV-induced mutations in Salmonella are relevant not only regarding
lethality, but also because it may favor the appearance of some antibiotic resistances (Michael et al. 2006).
With this respect, it is worth noting that in the case of UV-C disinfection tests carried out with 107 CFU mL-
!, a one log increased titer of His+ mutants was observed together with the increasing mutation frequency.
Possibly in this setup, from 0 to 0.2 mWs cm?, the appearance of mutants is not compensated by cell death as

the mutation frequency increases. This was also observed but to a lesser extent with the other treatment.
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4. Conclusions

TiOz photocatalysis was compared with UV-A (control) and UV-C radiations both in terms of cell inactivation
and appearance of mutants in Salmonella typhimurium TA102 dispersed in water. In the investigated
conditions, the inactivation rate appeared faster in the UV-C radiation experiments (10 min for total
inactivation with an initial density of 107 CFU mL™) than the photocatalytic experiments (15 min). But
photocatalytic process was more energy efficient because a lower energy was required (2 - 20 mWs cm™,
depending on initial bacterial density) compared to UV-C disinfection process (5 - 30 mWs cm?). In most
experiments, the appearance of mutants seemed to be counterbalanced by cell death, which results in an
increasing mutation frequency with no increase of the His+ mutant titers. In some case though, a significant
increase of the His+ mutant titers was observed before full inactivation. Possibly, in particular conditions
where disinfection is incomplete, the selected process may pose a risk of releasing more mutants than untreated
cell suspensions, with possible consequences regarding mutation-dependent acquisition of antibiotic
resistances. Statistically, both the bacterial inactivation and the evolution of the mutation frequencies appeared
directly dependent of initial concentration of microorganism and treatment dose, whatever the treatment, UV-
C or photocalysis respectively. This necessarily implies to carefully consider the cell density if the generation

of mutants is to be prevented in disinfection setup.
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Figure captions
Fig. 1 Control tests on TiO2/UV experiments: effect of UV-A radiation on the inactivation and the formation
of mutants for three different initial cell loads of strain TA102: 10° (a), 108 (b) and 107 (¢) CFU.mL"". Error

bars represent standard deviation from three independent experiments

Fig. 2 Effect of TiO2/UV process on the inactivation and the formation of mutants for three different initial
cell loads of strain TA102: 10° (a), 10® (b) and 107 (¢) CFU.mL"!. Error bars represent standard deviation from

three independent experiments

Fig. 3 Effect of UV-C process on the inactivation and the formation of mutants for three different initial cell
loads of strain TA102: 10° (a), 10% (b) and 107 (c) CFU.mL"!. Error bars represent standard deviation from

three independent experiments
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1. Statistical analysis procedures

The correlations between the bacterial mortality (log (N/No)) and the duration of the treatments, or
the doses received, were assessed using the Pearson’s test. Then, regression data analyses were performed
on log-transformed data: log(N/No) for the total cell counts and Log(F/Fo) for the frequencies of mutation.
The effects of both the treatment and the initial bacterial cell load were analyzed using a Fisher F-test and a
Student T-test. The Fisher F-test was used to test data for homogeneity of variances. Thereafter, once
homogeneity was verified, a Student T-test was further used to compare the trends (slopes) of linear
regressions. A statistical difference revealed by a StudentT-test, combined to the comparison of regression
trend-lines (slopes) allowed determining whether a given treatment or condition had stronger effects than
another one.

2. Dose-dependent effects of the treatments on bacterial viability

The dose-dependent effect of each treatment (UV-C, UV-A, and UV-A + TiO,) on the bacterial viability (total
cell count) was evaluated using a Pearson correlation test. For all conditions, the cell count abatements
appeared statistically correlated to the treatment dose whatever the initial cell load (Table S1). Data were
further analyzed to evaluate the statistical significance of the initial cell load and to compare treatments
where possible.

Table S1: Correlation between viable cell counts (log(CFU/mL)) and the treatment dose (UV-C)/treatment duration
(UV-A £ TiO,) for the three different initial cell loads. The table provides “Pearson correlation coefficient” (PCC) and p-
values (between parentheses).

-0.957 -0.840 -0.876
(1.5 x 10°%) (2.0x 10%) (8.9x 10%)
-0.933 -0.750 -0.900
(7.9 x 10%) (1.2 x 10?) (3.8 x 10%)
-0.988 -0.976 -0.981

(1.0 x 107) (1.3 x 10°%) (5.2 x 107)



3. Statistical analysis of the UV-A treatment efficiency

3.1. Regression analyses and trendline equations summaries

Fig. S1: Total viable cell counts abatements
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3.2. Statistical comparison of the treatment efficiency as a function of the cell load

At a first glimpse, the cell count abatement profiles (Fig. S1) and the evolution of the frequencies profiles
(Fig. S2) for the UV-A treatment appeared relatively close to each other whatever the initial cell loads. This
similarity was further confirmed by Student T-tests, whenever the comparison was authorized by Fisher F-

tests (Tables S2 and S3).

Table S2: Comparison of total cell counts
abatements for the UV-A treatment.

Table S3: Comparison of the evolutions of
mutation frequencies for the UV-A treatment.

Initial 10° 108 107
cell load CFU/mL CFU/mL CFU/mL

109 -
CFU/mL
108
ND

107
CFU/mL

Initial 10° 107
cell load CFU/mL CF mL CFU/m

108 - -
CFU/mL

108 -
CFU

CFU/mL

NA : Not applicable (not enough data in the regression curve (2 points) to authorize a statistical comparison); ND : Not

determined (variances not homogenous according to a Fisher F-test); # :
: the trends (slopes) are statistically similar (p<0.05).

(p>0.05); =

the trends (slopes) are significantly different



4, Statistical analysis of the UV-A + TiO, treatment efficiency

4.1. Regression analyses and trendline equations summaries

Fig. S3: Total viable cell counts abatements
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Fig. S4: Evolution of the mutation frequencies
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4.2. Statistical comparison of the treatment efficiency as a function of the cell load

Both, the cell count abatement profiles (Fig. S3) and the evolution of the mutation frequencies profiles (Fig.
S4) obtained for the UV-A+TiO, treatment tend to display a biphasic aspect with a trend linked to the initial
cell loads. The biphasic aspects of the curves could be confirmed statistically by comparing the different
parts of a same curve. When statistical comparisons were authorized by the Fisher F-test, the Student T-
test showed that the treatment-dependent cell killing is significantly more reduced as the initial cell load
increases (Fig. S3 and Table S2). Similarly, the analysis of the first part of the mutation frequency evolution
curves, show that for an initial cell load of 10° CFU/mL, the time-dependent increase of the mutation
frequency is significantly lower than for the two other cell concentrations (Fig. S4 and Table S3).



Table S2: Comparison of total cell counts Table S$3: Comparison of the evolutions of
abatements for the UV-A+TiO, treatment. mutation frequencies for the UV-A+TiO, treatment.

Initial cell 100 108 oy Initial cell 10° 108 107
load CFU/mL CFU/m CFU/mL load CFU/mL CFU/mL CFU/mL
/ /
100 ND  # # 100 NA - # #
CFU/mL ND ND CFU/mL NA NA
108 o2 108 NA =
CFU/mL # CFU/mL NA
# 107 NA
CFU/mL

NA : Not applicable (not enough data in the regression curve (2 points) to authorize a statistical comparison); ND : Not
determined (variances not homogenous according to a Fisher F-test); # : the trends (slopes) are significantly different
(p>0.05); = : the trends (slopes) are statistically similar (p<0.05).
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5. Statistical analysis of the UV-C treatment efficiency

5.1. Regression analyses and trendline equations summaries

Fig. S5: Total viable cell counts abatements Fig. S6: Evolution of the mutation frequencies
4 A
Initial cell load J Initial cell load
® 107 CFU/mL © 107 CFU/mL
@ 108 CFU/mL 3 @ 108 CFU/mL
@ 10%9 CFU/mL ® 10° CFU/mL
z ©
3 T
o g 2
S 3
®
1
@
. . . . . . 0 . . .
5 10 15 0 2 4 6 8
UV dose (mWs.cm) UV dose (mWs.cm)

Initial cell
load

Initial cell 10° 108 107
load CFU/mL CFU/mL CFU/mL
Curves part 1 Curves part 1 | part 2 | part 1

Slope -0.399 - -5.539 -0.811 -4.080 -0.800 Slope 0.527 -0.195 5.618 0.157 7.048 -4.419

NI
o X X

r2 0.937 - 0937 0.990 0.971 0.872 r2 0.989 0.828 0.887 0.888 0.985 1.000

5.2. Statistical comparison of the treatment efficiency as a function of the cell load

With the UV treatment, the biphasic aspect of the cell count abatement curves where solely
observed for the initial cell loads of 107 and 108 CFU/mL (Fig. S5). When statistical comparison was
authorized by the Fisher F-test, Student T-tests showed that for these two initial cell loads (i) the
abatement curves are statistically similar and (ii) that the treatment is relatively more efficient than for an
initial cell load of 10° CFU/mL (Fig. S5 and Table S4). Concerning the mutation frequencies profiles, the lack



of analysable datapoints (valid Fisher tests and/or enough datapoints on the trend line) authorized
comparisons in a limited number cases, mainly the first part of the curves for the two extreme initial cell
loads. In such cases the Student T-test demonstrated that mutation frequencies increased faster as the

initial cell load is smaller (Fig. S6 and Table S5).

Table S4: Comparison of total cell counts
abatements for the UV-C treatment.

Table S$5: Comparison of the evolutions of
mutation frequencies for the UV-C treatment.

Initial cell

Initial cell 10° 108 107
load CFU/mL CFU/mL CFU/mL
/ /
BN o B o o
109 part 1 # ND ND =
CFU/mL

108 108 | part 1
CFU/mL| part 2 CFU/mL| part 2

part 1 # 107
CFU/mL part 2

NA : Not applicable (not enough data in the regression curve (2 points) to authorize a statistical comparison); ND : Not
determined (variances not homogenous according to a Fisher F-test); # : the trends (slopes) are significantly different
(p>0.05); = : the trends (slopes) are statistically similar (p<0.05).

6. Statistical comparison of the UV-A and UV-A + TiO2 treatments

UV-A and UV-A/TiO, treatments, which were carried out in the same conditions, were compared using
Student T-tests. Whenever it was authorized by Fisher F-tests, the comparisons of the cell count
abatements showed that (i) UV-A and UV-A+TiO2 treatments are significantly different for a given initial cell
load (Table S8), and (ii) with a stronger effect of the photocatalytic treatment according to the trends
(slopes) of the linear regressions (Fig. S1, Fig. S3). The same tendencies were observed for the evolution of
the mutation frequencies although the statistical comparison were authorized (Fisher F-test) for the two
higher initial cell loads only (Table S7, Fig. S2, Fig. S4).



Table S6: Comparison of total cell counts abatements
for the UV-A and UV-A + TiO, treatments.

- 109 CFU/mL | 108 CFU/mL | 107 CFU/mL
'n'téat' Ce'tl '081 UV-A+TiO, | UV-A+TiO, | UV-A+TiO,
and treatmen
109 CFU/mL
108 CFU/mL

¢
107 CFU/mL

Table S7: Comparison of the evolutions of mutation
frequencies for the UV-A and UV-A + TiO, treatments.

- 10° CFU/ 08 CFU/mL 107 CFU/mL
Initial cell load UV-A+TiO, | UV-A+TiO, | UV-A+TiO,
and treatment

109 CFU/mL #
UV-A
108 CFU/mL #
UV-A
107 CFU/mL
o
NA : Not applicable (not enough data in the regression curve (2 points) to authorize a statistical comparison); ND : Not

determined (variances not homogenous according to a Fisher F-test); # : the trends (slopes) are significantly different
(p>0.05); = : the trends (slopes) are statistically similar (p<0.05).




