-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by University of Bath Research Portal

Citation for published version:

Maraccini, P, Wenk, J & Boehm, AB 2016, 'Exogenous indirect photoinactivation of bacterial pathogens and
indicators in water with natural and synthetic photosensitizers in simulated sunlight with reduced UVB', Journal
of Applied Microbiology, vol. 121, no. 2, pp. 587-597. https://doi.org/10.1111/jam.13183

DOI:
10.1111/jam.13183

Publication date:
2016

Document Version
Peer reviewed version

Link to publication

This is the peer reviewed version of the following article: P.A. Maraccini J. Wenk A.B. Boehm (2016)
Exogenous indirect photoinactivation of bacterial pathogens and indicators in water with natural and synthetic
photosensitizers in simulated sunlight with reduced UVB. Journal of Applied Microbiology, 121(2), which has
been published in final form at 10.1111/jam.13183. This article may be used for non-commercial purposes in
accordance with Wiley Terms and Conditions for Self-Archiving.

University of Bath

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 13. May. 2019


https://core.ac.uk/display/161916184?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1111/jam.13183
https://researchportal.bath.ac.uk/en/publications/exogenous-indirect-photoinactivation-of-bacterial-pathogens-and-indicators-in-water-with-natural-and-synthetic-photosensitizers-in-simulated-sunlight-with-reduced-uvb(02ebd33e-5484-484d-8509-c03f00c27aea).html

Received Date : 01-Mar-2016
Revised Date :11-May-2016
Accepted Date : 15-May-2016

Article type : Original Article

Exogenous Indirect Photoinactivation of Bacterial Pathogens and Indicators in Water with Natural and

Synthetic Photosensitizers in Simulated Sunlight With Reduced UVB

Peter A. Maraccini'®, Jannis Wenk **, and Alexandria B. Boehm ™™

"Department of Civil and Environmental Engineering, Stanford University, Stanford, California

94305, United States

*Department of Civil and Environmental Engineering, University of California, Berkeley, California

94720-1710, United States

“Engineering Research Center (ERC) for Re-inventing the Nation’s Urban Water Infrastructure

(ReNUWIt)
*Corresponding author: Tel: 650 724-9128, Fax: 650 723-7058, E-mail: aboehm@stanford.edu

“Present Address: Department of Chemical Engineering and Water Innovation and Research Centre

(WIRC), University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom.

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as an
'Accepted Article', doi: 10.1111/jam.13183

This article is protected by copyright. All rights reserved.



Running head: Exogenous indirect bacterial photoinactivation

ABSTRACT

Aims: To investigate the UVB-independent and exogenous indirect photoinactivation of eight human

health-relevant bacterial species in the presence of photosensitizers.

Methods and Results: Eight bacterial species were exposed to simulated sunlight with greatly reduced
UVB light intensity in the presence of three synthetic photosensitizers and two natural photosensitizers.
Inactivation curves were fit with shoulder-log linear or first order kinetic models, from which the
presence of a shoulder and magnitude of inactivation rate constants were compared. 84% reduction in the
UVB light intensity roughly matched a 72-95% reduction in the overall bacterial photoinactivation rate
constants in sensitizer-free water. With the UVB light mostly reduced, the exogenous indirect mechanism
contribution was evident for most bacteria and photosensitizers tested, although most prominently with

the Gram-positive bacteria.

Conclusions: Results confirm the importance of UVB light in bacterial photoinactivation and, with the
reduction of the UVB light intensity, that the Gram-positive bacteria are more vulnerable to the

exogenous indirect mechanism than Gram-negative bacteria.

Significance and Impact of Study: UVB is the most important range of the sunlight spectrum for
bacterial photoinactivation. In aquatic environments where photosensitizers are present and there is high
UVB light attenuation, UVA and visible wavelengths can contribute to exogenous indirect

photoinactivation.
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INTRODUCTION

Sunlight driven growth, decay, and inhibition processes modulate concentrations of bacteria
(Whitman et al. 2004; Enns et al. 2012), viruses (Wilhelm et al. 1998), algae (Heaney and Talling 1980),
copepods (Leech et al. 2005), and many other living organisms in aquatic environments. While many
processes utilize parts of the solar spectrum for beneficial use, there is a nearly universal, harmful effect
of ultraviolet (UV) light exposure in the UVB range (280-320 nm) (Hader et al. 1998). In surface waters,
much of the UVB exposure occurs within the top few centimeters before dissolved and particulate
constituents, such as organic matter, attenuate UVB at greater depths (Arts ef al. 2000; Davies-Colley et
al. 2005). The less harmful UVA (320-400 nm) and visible light (400-700 nm) are attenuated to a smaller
extent and therefore able to penetrate deeper into the water column than UVB (Arts et al. 2000; Davies-
Colley et al. 2005). An example for the relative changes of light intensity at different wavelengths with

depth for a natural water is shown in Figure 1.

Sunlight exposure of bacteria can result in photoinactivation. The rate of photoinactivation and
the mechanism via which it occurs are believed to vary with the relative intensities of UV and visible
light. Past studies have found UVB to be primarily responsible for bacterial photoinactivation, with UVA
and visible light playing minor roles (Calkins and Barcelo 1982). Photoinactivation of bacteria may occur
via three different mechanisms: endogenous direct, endogenous indirect, and exogenous indirect (Davies-
Colley et al. 1999; Davies-Colley et al. 2000). Endogenous direct photoinactivation results from damage
to vital cellular components, such as DNA, principally by UVB light (Malloy et al. 1997; Schuch and
Menck 2010), but also possibly due to UVA light (Schuch and Menck 2010). In the absence of UVA and

UVB, inactivation has been found to be mainly driven by indirect processes (Davies-Colley et al. 2000).
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In indirect photoinactivation, a photosensitizer inside (endogenous) or outside (exogenous) the bacterial
cell absorbs light and transfers energy or electrons to form reactive species that can damage cellular
components. Various molecules occurring within living organisms, for example flavins, porphyrins,
bilirubin or chlorophyll, can act as endogenous sensitizers while dissolved natural organic matter (DOM),
i.e. mainly humic and fulvic acids, can act as exogenous sensitizers (Curtis et al. 1992; Sinton et al.

2002).

To date, there is a general understanding that the relative importance of each of the three
photoinactivation mechanisms depends on the relative magnitudes of the UVB, UV A, and visible light in
a water column (Davies-Colley et al. 2005), the reactivity and properties of the exogenous
photosensitizers (Rosado-Lausell et al. 2013), and the susceptibility of the bacteria to each of the three
mechanisms (Nguyen ef al. 2015). In a recent study using full spectrum sunlight, the exogenous indirect
photoinactivation mechanism contributed significantly to photoinactivation of Gram-positive bacteria but
generally not to photoinactivation of Gram-negative bacteria (Maraccini et al. 2016b). Additionally, the
exogenous indirect photoinactivation was only observed when using synthetic photosensitizer that
generated reactive oxygen species (ROS) at or above (up to 3 fold more) the upper concentration limit
typically found in sunlit aquatic environments. When using environmentally sourced photosensitizers that
generated ROS concentrations at levels naturally occurring in the sunlit aquatic environment,
photoinactivation was instead unaffected or slightly suppressed (Maraccini et al. 2016b). In some aquatic
environments, UVB may be suppressed relative to the rest of the natural light spectrum, such as in
wetlands, lakes, or coastal waters with high dissolved organic carbon (DOC) concentrations (Arts et al.
2000). Under those UVB suppressed scenarios, studies have investigated the exogenous indirect
photoinactivation mechanism in wetland waters with high DOC concentrations for fecal indicator bacteria
Escherichia coli and enterococci (Kadir and Nelson 2014; Nguyen et al. 2015). However, the inactivating
effects of UVA and visible light for actual bacterial pathogens under such conditions have not been

assessed so far.
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The purpose of this study was to determine the relative importance of the exogenous indirect
photoinactivation mechanism in aquatic environments with high UVB light attenuation, where
photoinactivation is driven by the UVA and visible light portions of the solar spectrum. We conducted
photoinactivation experiments with eight health-relevant bacterial species (Bacteroides thetaiotaomicron,
Campylobacter jejuni, Enterococcus faecalis, E. coli K12, E. coli O157:H7, Salmonella enterica serovar
Typhimurium LT2, Staphylococcus aureus, and Streptococcus bovis) in a solar simulator equipped with a
UVB cutoff filter. The bacterial species were chosen as each one is a pathogen or correlates to waterborne
illness risk. Synthetic and natural sensitizers were added individually to buffered aqueous solutions
spiked with known bacterial concentrations. The goal of the study was to broadly identify if exogenous
indirect photoinactivation is important in UVB-light reduced environments. The findings of this study

should aid in determining how to best model bacterial decay in surface waters in the presence of sunlight.

MATERIALS AND METHODS

Bacterial cultivation. Bacteria were cultivated as described in a previous publication (Maraccini
et al. 2016b). Briefly, facultative anaerobes Enterococcus faecalis (ATCC 19433), Escherichia coli K12
(ATCC 10798), Escherichia coli O157:H7 (ATCC 43895), Staphylococcus aureus (ATCC 25923),
Streptococcus bovis (ATCC 33317), and the attenuated strain Salmonella enterica serovar Typhimurium
LT?2 obtained from the Falkow Lab of Stanford University were grown in aerated chemostats with tryptic
soy broth. The chemostats were first immersed in a 37 °C water bath, held at a constant dilution rate
(0.005 min™), then inoculated with a single bacterial species. After the optical density stabilized (~8
hours), cells were harvested from the chemostats to serve as the seed stock for the photoinactivation
experiments. Seed stocks of facultative anaerobes were generated from chemostats to minimize the

variability among replicates (Maraccini et al. 2015).
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Bacteroides thetaiotaomicron (ATCC 29741) and Campylobacter jejuni (ATCC 29428) were
grown in batch cultures in anaerobic and microaerophilic environments, respectively, with modified TYG
medium and brucella broth, respectively. After 24 and 48 hours of incubation for B. thetaiotamicron and
C. jejuni, respectively, cells were harvested to serve as the seed stock. Chemostats could not be used for
microaerophiles and obligate anaerobes due to the difficulty of controlling the atmosphere in the
constructed setup. Bacteria were harvested by pelleting and re-suspending the cells in 1 mmol 1"

carbonate buffer saline (CBS, pH 7.64).

Each bacterial strain used in this study was a common pathogen or fecal indicator organism and

represented either Gram negative or positive bacteria (Maraccini et al. 2016b).

Experimental solutions and procedures. Experimental solutions and procedures are described in
a previous publication (Maraccini et al. 2016b), with a few alterations. Briefly, photosensitizer stock
solutions were added to separate beakers to reach final concentrations of 0.5 pmol I methylene blue
(MB), 200 mg 1" as nitrite, 0.5 pmol I"' rose bengal (RB), 20 mg C 1" Suwanee River Natural Organic
Matter (SRNOM), and 20 mg C 1" dissolved organic matter isolated from a treatment wetland (iDOM).
All solutions were prepared with a 1 mmol I CBS solution. These photosensitizers were chosen to
represent both natural (SRNOM and iDOM) and synthetic sensitizers (MB, RB, and nitrite), different
surface charges (anionic for SRNOM, iDOM, RB, and nitrite; cationic for MB), and varying
concentrations of reactive oxygen species generated (Maraccini et al. 2016b). Nitrite, while found in
natural environments, is unlikely to be measured at the high concentrations used in the experiment (Eddy
and Williams 1987). As the nitrite used was a chemical additive, and the natural sensitizers were
harvested from the natural environment for use in this study, nitrite is hereby viewed as a synthetic
photosensitizer. A single species of bacteria was then added to a beaker containing one of the
aforementioned photosensitizers. Experiments with iDOM and methylene blue were limited to
representative Gram-negative and Gram-positive organisms: E. coli K12 and Ent. faecalis. The bacterial

concentrations at the start of each experiment were 3.3 x 10* - 5.6 x 10° colony forming units (CFU) ml”
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for B. thetaiotaomicron, 9.2 x 10° — 5.8 x 10° CFU ml™ for C. jejuni, 5.4 x 10°— 2.8 x 10’ CFU ml™ for E.
coli K12, 4.3 x 10°= 1.3 x 10’ CFU ml™ for E. coli 0157:H7, 1.1 x 10° = 1.1 x 10’ CFU ml" for Ent.
faecalis, 1.4 x 10" — 2.8 x 10’ CFU ml™ for S. enterica, 2.0 x 10’ — 4.1 x 10’ CFU ml" for Staph. aureus,

and 2.4 x 10* — 1.8 x 10° CFU ml" for Strep. bovis (Table S1).

Beakers were placed in a recirculating water bath set at 15 °C in a solar simulator (Atlas Suntest
CPS+; Linsengericht-Altenhalllau, Germany) that was equipped with a coated quartz filter and a UV
special glass filter and set at 400 W m™. An additional UVB cutoff filter (FSQ-WG320, Newport,
Franklin, MA) was placed atop the beakers. The UVB cutoff filter reduced irradiance at 320 nm by ~50%,
at 310 nm by ~90%, and any wavelength less than 300 nm by >99.9% as compared to irradiance without
the filter (Figure 2). The net reduction in incident UVB light intensity from 280-320 nm was 84%.
Beakers were stirred continuously. Dark control experiments consisted of an additional beaker containing
the same bacterial species but covered with foil and placed in the same recirculating water bath to run in
parallel with the beakers exposed to the simulated sunlight. Dark controls were run both in the presence

and absence of photosensitizers.

Bacteria were enumerated over the course of the light irradiation by aseptically drawing 0.5 ml
samples from the beakers. Samples were taken anywhere from 2 minutes to 3.5 hours depending on how
quickly the bacteria lost culturability. Appropriate dilutions were then spread plated in duplicate on
tryptic soy agar for facultative anaerobes, brucella agar for C. jejuni, and brain heart infusion agar

supplemented with 5% horse blood for B. thetaiotaomicron.

Sensitizer-containing solutions were run in parallel with sensitizer-free solutions inoculated with
bacteria from the same chemostat or batch culture for later pairwise comparisons. All experiments were

performed in triplicate.

Chemical Probes. The steady-state bulk concentrations of singlet oxygen ('O,) and hydroxyl

radical (-OH) were measured indirectly with probe compounds furfuryl alcohol and phenol, respectively,
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as described previously (Maraccini et al. 2016b). The probe compound tests were performed with and

without the UVB cutoff filter atop the beakers.

Data Analysis. Individual decay curves were fitted with a shoulder-log linear model (van Boekel

2002):

O et
C (1 + (€S — e ™ M

where 7 is time (min), C (CFU ml™) is the measured concentration at time 7, C, is the measured
concentration at time t = 0, S (min) is the shoulder or lag time over which there is minimal inactivation of
the bacteria, and k (min™) is the rate constant for the log linear portion of the inactivation curve after
completion of the lag time. All fitted values are non-negative. If the 95% confidence interval of the
shoulder length, S, crossed zero, then the inactivation data were refit using a simpler first order decay
model (Equation 1 with S = 0):

C 2)

Fit parameters, and their standard deviations and 95% confidence intervals were obtained using IGOR
PRO (WaveMetrics Inc., Lake Oswego, OR). The quality of each fitting was determined by a Pearson’s y*

test for goodness of fit.

The rate constant k, in units of time, was corrected for UVB light screening and converted to lg ,
in units of m> MJ”', by dividing by the depth-averaged UVB light intensity, <Iyyg>, [Wm™], and
completing the necessary unit conversion:

k

k=
(Iyve)z

3)

The shoulder length S, in units of time, was corrected for UVB light screening and converted to 3' , in
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units of MJ m?, by multiplying by <Iyys>, and completing the necessary unit conversion:

S=5x (Iyve)z “4)

As detailed in previous publications (Schwarzenbach et al. 2002; Grandbois et al. 2008), <Iyyp>,

was found through the following equations:

(Iyve)z = X280-320 nm{l)z (5
o (1—10"m7)
(I)z = o T 23034,z (6)

where <I,>, is the depth-averaged light intensity within the solution at a given wavelength, I, o is the light
irradiance at a given wavelength at the surface, o, is the light attenuation at a given wavelength, and z is
the total depth of the solution. The I, o was measured using a spectroradiometer (ILT950; International
Light, Peabody, MA). The absorbance experimental solutions were measured using spectrophotometer
(Uvikon XL, Research Instruments International, San Diego, CA) against a reference solution of
deionized water, with the resulting absorbance at each wavelength representing a,. The absorbance was

measured for all experimental solutions and used to calculate <Iyyp>,.

The observed k was assumed to be the sum of the endogenous photoinactivation rate constant,

k endogenous» A0 the exogenous photoinactivation rate constant, kmgenm_
k = kendogenous + kexogenous (N
endogenous WaS defined as the average k values between the sensitizer-free control replicates for each

bacterial species. k values were compared pairwise between treatments (i.e., experiments where the

aqueous solution contained a photosensitizer) and controls (i.e., experiments not containing a

photosensitizer) for organisms from the same chemostat or batch replicate using a t-test. If £ from the

This article is protected by copyright. All rights reserved.



treatment was significantly greater (P < 0.05) than lg for the control for at least 2 of the 3 replicates, then

A

the sensitizer was deemed to promote exogenous photoinactivation. In those cases, k was

exogenous

calculated as the difference between the average k for the treatments and the k If the sensitizer

endogenous *

A

was deemed not to cause exogenous photoinactivation, k was set equal to zero.

exogenous

k values were compared between bacteria groups (Gram-negative facultative anaerobe,

exogenous
Gram-positive facultative anaerobe, Gram-Negative facultative microaerophile, Gram-negative obligate
anaerobe) and experimental solutions and the interaction between bacteria and the experimental solutions

using analysis of variance (ANOVA) and Fisher least square difference (LSD) post hoc tests. Linear

regression assessed whether k correlated with steady state concentrations of singlet oxygen or

exogenous

A

hydroxyl radical. k

exogenous

values were log, transformed for the analysis to achieve normality. A value of

) when /2

exogenous

0 was used for log;o( 12

o equaled zero. The presence or absence of a shoulder was
genous
compared between bacterial species and experimental solutions using contingency tables and y” tests. All

statistics were completed using Statplus:mac (AnalystSoft Inc., version 2009).

RESULTS

Curve fits. Of the 116 individual experiments fit with either a shoulder-log linear model or first-
order decay model (Figure S1, Table S1), the Pearson’s * test values were greater than 0.05 for 114
(98%) (Table S2), indicating the models were a good fit for the data. The k from log-linear fittings of the
dark controls was not significantly different from zero as analyzed by linear regression (P > 0.05, data not

shown), meaning there was no significant dark inactivation over the course of the experiments.
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A shoulder was observed for 89 of the 116 inactivation curves (Table S2). The remaining 27 data
series did not require a shoulder and were fit with the simplified model. All experiments conducted with
Strep. bovis (n=12) had shoulders. 95% of the experiments conducted with Ent. faecalis (n=21) had a
shoulder, as did 93% for Staph. aureus (n=14), 83% for E. coli O157:H7 (n=12), 77% for E. coli K12
(n=22), 75% for S. enterica (n=12), 58% for C. jejuni (n=12), and only 8% for B. thetaiotaomicron
(n=12). The presence of a shoulder significantly varied between organisms (ANOVA, P < 0.05), but not
between photosensitizer present in solution or the interaction (organism x photosensitizer present) of the

independent variables (ANOVA, P > 0.05).

Photoinactivation in the absence of photosensitizers. In sensitizer-free CBS controls, k values

ranged from 573 m> MJ" to 7655 m> MJ™' with a median of 1234 m®> MJ" (Table S2). k which

endogenous’
was the average of at least three replicate experiments in a sensitizer-free solution for each bacterium, was
compared between experiments with and without the UVB cutoff filter (Table 1, includes previously
published values (Maraccini et al. 2016b)). The percent reduction in kendogenous (Units of time) with the
application of the UVB cutoff filter was on average 89%, with the largest reduction being 95% with

Strep. bovis and the smallest 72% with Staph. aureus.

Effect of photosensitizers on photoinactivation and comparison of k The decay of the

exogenous *
probe compounds in each sensitizer solution was compared by linear regression under light irradiation
with and without application of the UVB cutoff filter. The difference in slopes was not significant (P >
0.05), therefore the steady state concentrations of singlet oxygen and hydroxyl radical were the same with

the UVB cutoff filter as without the filter, which was previously reported in Maraccini et al. (2016b).

The presence of a photosensitizer triggered exogenous photoinactivation in 22 of the 28 bacteria-

photosensitizer treatments tested (Figure 3). For Ent. faecalis, the presence of MB, RB, nitrite, SRNOM,

and iDOM increased /2 compared to the CBS control. For Staph. aureus and Strep. bovis, the presence of
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MB, RB, and nitrite increased /2 . For S. enterica, nitrite and SRNOM increased /2 For E. coli K12, MB,
nitrite, and SRNOM increased Ig . For E. coli O157:H7, nitrite increased lg For B. thetaiotaomicron, RB

and nitrite increased k . For C. Jjejuni, RB and SRNOM increased k.

A

ranged from 324 m> MJ' to 89599 m* MJ™" with a median of 3994 m* MJ™' (Table S3).

exogenous

ANOVA was used to explore trends in k

exogenous

across different experimental treatments. On average,

/2 significantly varied between organisms (ANOVA, P < 0.05), but not between photosensitizer

exogenous

present in solution or the interaction (organism x photosensitizer present) of the independent variables

(ANOVA, P > 0.05). Linear regression also indicated that 12 did not correlate with concentrations

exogenous

of singlet oxygen or hydroxyl radicals generated by the photosensitizers (P > 0.05). Post hoc analysis

indicated k was larger for Gram-positive facultative anaerobes (Ent. faecalis, Staph. aureus,

exogenous
Strep. bovis) than for Gram-negative facultative anaerobes (E. coli K12, E. coli O157:H7, S. enterica) and

the Gram-negative obligate anaerobe B. thetaiotaomicron (P < 0.05). Post hoc analysis also indicated the

k with RB was larger for the Gram-positive facultative anaerobes than for Gram-negative

exogenous

facultative anaerobes. This can be clearly seen for the results with Ent. faecalis (Figure 3).

DISCUSSION

UVB is primarily responsible for the photoinactivation of bacteria under unmodified simulated
sunlight. Comparing kendogenous from experiments using UVB-reduced simulated sunlight to Kengogenous from
experiments using unmodified simulated sunlight, as reported in a companion study using the same
health-relevant bacteria (Maraccini et al. 2016b), the percent reduction in kendogenous roughly equated to the
percent reduction in the net UVB light intensity (84%). The large reduction in Kengogenous SUZEESES that

UVB was primarily responsible for photoinactivation under unmodified solar simulated light, in
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agreement with past studies (Sinton et al. 1994). In addition, when kendogenous Was corrected for UVB light

screening, the magnitudes of &

endogenous with (this study) and without (Maraccini et al. 2016b) the UVB
cutoff filter were of the same order of magnitude. Our results provide further evidence that the UVB

irradiation is the primary means of photoinactivation under normal sunlight conditions.

The addition of photosensitizers to clear water increased k in 22 of 28 bacteria-photosensitizer
treatments relative to its value in clear water. k of all Gram-positive bacteria increased with every

photosensitizer tested, while at least one photosensitizer increased l€ for each Gram-negative bacterium
tested. The ROS concentrations generated with the UVB-reduced light were not significantly different
from the ROS concentration generated under unmodified solar simulator irradiation (data not shown). The
application of the UVB cutoff filter still allowed for passage of the longer light wavelengths (>320 nm)
and, because the synthetic photosensitizers had absorbance peaks outside the UVB spectrum (Figure S2),
the light at wavelengths responsible for the ROS generation passed through the UVB cutoff filter and was
absorbed by the photosensitizers. Because the natural sensitizers absorbed strongly in the UVB region, the
addition of the UVB cutoff filter could have reduced some ROS generation. However, past work has
shown the potential for DOM to generate high ROS concentrations using UVB blocked light (Rosado-

Lausell ef al. 2013).

Irradiation with UVB-reduced light resulted in a higher average 12

exogenous for Gram-positive
bacteria than Gram-negative bacteria B thetaiotaomicron, E. coli K12, E. coli O157:H7, and S. enterica.
Similar to the trends observed using unmodified solar simulator irradiation (Maraccini et al. 2016b) and
during photodynamic therapy (Malik ef al. 1992; Demidova et al. 2005), the enhancing effect of the
sensitizers to photoinactivation occurred with greater regularity and at higher magnitudes with Gram-

positive bacteria than Gram-negative bacteria. In Gram-negative bacteria, the additional outer membrane

may confer some protection against exogenous photoinactivation (Dahl et al. 1988; Mamone et al. 2014)
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that the Gram-positive bacteria do not have. To our knowledge, this is the first study to report the

vulnerability of Gram-negative bacteria to exogenous-induced photoinactivation.

On average, there was no statistical difference in the magnitude of k measured in

exogenous

experiments conducted with different photosensitizers. The addition of methylene blue resulted in the

highest /2

exogenous

among any photosensitizer tested; however, methylene blue was only tested on E. coli

K12 and Ent. faecalis. The addition of rose bengal resulted in the highest or second highest Ig for

exogenous

all bacteria tested except the Gram-Negative facultative anaerobes (E. coli K12, E. coli O157:H7, S.

enterica), where the k measured was either zero or very small. Methylene blue, a cationic

exogenous
photosensitizer, may more easily adsorb to and penetrate cell walls and membranes than anionic
photosensitizers, such as rose bengal, thereby generating ROS closer to vital cellular components (Taheri-
Araghi and Ha 2007; Jiang et al. 2008; Alves et al. 2009). Rose bengal generated approximately 10 times
the singlet oxygen as methylene blue at the concentrations tested (Maraccini et al. 2016b). However, rose
bengal had a neutral or minimal effect on Gram-negative facultative anaerobes, likely as a result from the
added protection provided by the outer membrane that Gram-positive bacteria do not have (Dahl et al.

1988; Mamone et al. 2014). The natural photosensitizers enhanced photoinactivation for 8 of the 10

bacteria-natural photosensitizer pairs tested, although the resulting 12 was typically among the

exogenous

lowest & observed. The anionic surface charge at circumneutral pH (Au ef al. 2011) and large size,

exogenous
relative to the synthetic photosensitizers, may have prevented the natural sensitizers from generating ROS
close enough to the bacterial targets to induce more significant indirect photoinactivation (Latch and
Mcneill 2006; Kohn et al. 2007). It is possible that other DOMs with varying sizes, charges, and ROS-

generating potentials could induce a greater magnitude of indirect photoinactivation.

The presence of a shoulder varied among bacteria, being most prominent among the Gram-

positive bacteria and least prominent among the anaerobic bacteria B. thetaiotaomicron and
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microaerophilic C. jejuni. While results indicate that cellular respiration or the environment in which the
bacteria were cultured (aerobic, microaerobic, anaerobic) may have contributed to the presence or
absence of a shoulder, past work has been unable to predict the occurrence of a shoulder (Cebridn ef al.
2010). A shoulder may arise due to the need to inactivate multiple targets within a bacterial cell or
multiple bacterial cells in a cell aggregate before inactivation is observed (Sinton et al. 1994; Sinton et al.
1999). A shoulder may also arise due to a diversity of resistance to photoinactivation among the bacterial
culture (Najm 2006) or from a threshold effect, for which a cell can withstand a certain level of stress
before death (Thurston-Enriquez et al. 2003; Cebridn et al. 2010). The results are consistent with past
work with UVB-reduced light in which Ent. faecalis displayed a shoulder (Maraccini et al. 2015). Future
work will need to address how to translate shoulders observed in laboratory experiments to modeling
efforts in sunlit, surface waters and to determine whether the shoulder is a laboratory artifact or intrinsic

to bacterial photoinactivation kinetics.

The photoinactivation rate constants reported herein were corrected for UVB light screening
(280-320 nm), although other studies have corrected rate constants using UVA+UVB light (280-400 nm)
(for example, Romero et al. 2011). Our logic for our choice to correct for UVB alone is as follows. We
know UVB is important for direct and indirect endogenous bacterial photoinactivation. We wanted to
compare rate constants when only direct photoinactivation was possible (clear water) to those when the
additional indirect exogenous mechanism was possible (water with sensitizers). By correcting for UVB,
we account for light screening that would impact the endogenous mechanisms, which would allow

identification of additional mechanisms present, such as the exogenous indirect mechanism. Including the

fluence from UVA light in the calculations of lg (see Tables S4 and S5 and Figure S3) had minimal
changes on the conclusions described here. Therefore, the general trends found when correcting for UVB
light screening described in the results still hold. When considering both UVB + UVA in the light
screening calculations the following changes to the results reported using UVB alone were found. Three

photosensitizer-bacteria pairings (E. coli K12 with SRNOM and iDOM and Ent. faecalis with SRNOM)
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that exhibited higher k' than in the clear control no longer showed this result after correcting for both

UVA and UVB. Thus, correcting for UVA and UVB resulted in increasing k for 19 of 28 bacteria-

photosensitizer combinations, compared to 22 out of 28 when correcting for UVB only. Additionally,

including the fluence from UVA light in the calculations resulted in significantly decreased k for the

photosensitizer-bacteria pairing SRNOM with E. coli O157:H7 relative to the control.

There are some limitations to this study. The results regarding the importance of the exogenous
indirect photoinactivation mechanism may be limited to surface waters with higher dissolved organic
carbon (DOC) where UVB is quickly absorbed by DOC and visible light are able to penetrate to deeper
depths (Arts et al. 2000). Also, the experiments were performed with lab cultured bacteria in buffered
solutions, which may result in different photoinactivation kinetics than for indigenous bacteria (Fisher et
al. 2012) in natural waters (Rosado-Lausell ef al. 2013). Yet, the aim of this study focused on
systematically assessing the exogenous indirect photoinactivation of a number of bacterial species in the
presence of a select set of photosensitizers. Thus, this work was only possible in the highly controlled
settings of this study. Lastly, there were other reactive species potentially responsible for exogenous
indirect photoinactivation that we did not consider, such as triplet state DOM. A previous study correlated
concentrations of triplet state NOM with the exogenous indirect photoinactivation rate constants of
rotavirus (Rosado-Lausell ef al. 2013; Romero-Maraccini et al. 2013); however, to date, the same
correlation has not been made between triplet state NOM and bacteria. An interesting area for future
research is to mechanistically investigate at a molecular level exogenous indirect bacterial

photoinactivation.

The exogenous indirect mechanism may be a major contributor to bacterial photoinactivation
whenever UVB light intensity is reduced and more so for Gram-positive bacteria. Based on the findings
of this study, predictive models of bacterial attenuation in sunlit surface waters should put substantial

weight into the UVB light intensity experienced by the bacteria and incorporate the exogenous
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mechanism whenever the UVB is greatly diminished, particularly for Gram-positive bacteria. It should

be noted that the exogenous photoinactivation rate constants found herein may not be directly applied to
other aquatic environments. For each bacterium, the magnitude of the exogenous photoinactivation rate

constant varied from photosensitizer to photosensitizer, indicating a differential dependence on the

bacterial affinity to and the ROS concentration generated by the particular photosensitizer.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Table S1. Experimental setup details and fitting information for all experiments

Table S2. Experimental setup details and fitting information for fit chosen via criteria detailed in

Methods section, and comparison of k -values

and /2

Table S3. Depth-averaged light irradiance, observed lg, lgen dogenous” exogenous
Table S4. Remake of Table S2 with inclusion of UVA light in light screening calculations

Table S5. Remake of Table S3 with inclusion of UVA light in light screening calculations

Figure S1. Photoinactivation curves of bacteria in various photosensitizers when irradiated with

UVB-reduced simulated sunlight
Figure S2. Absorbance spectra of photosensitizers in the experimental solutions

Figure S3. Remake of Figure 3 with inclusion of UVA light in light screening calculations
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A

k

endogenous

(m*m?)

. -1
kendogenous(mln )

Percent reduction of

Bacteria Full Spectrum  UVB Reduced  Full Spectrum  UVB Reduced Kendogenous

B 1.17£0.34 0.067 = 0.028 94%
thetaiotaomicron 12678 + 3742 5008 + 2467

C. jejuni 3873 + 953 3835 + 667 0.35£0.08 0.052 + 0.009 85%
Ent. faecalis 1944 + 347 1123 +293 0.18 £0.03 0.016 = 0.004 91%
E. coli K12 1480 + 547 974 +230 0.12 £0.05 0.012 £ 0.003 90%
E. coli O157:H7 1470 + 142 914 +77 0.14 £0.01 0.012 = 0.001 92%
S. enterica 1559 +317 874 + 382 0.14 £0.01 0.011 £ 0.005 92%
Staph. aureus 2127 + 496 4059 + 1400 0.16 £0.04 0.046 £0.014 72%
Strep. bovis 3952 + 1492 1172 + 104 0.36 £0.14 0.017 £ 0.002 95%

A

Table 1. Endogenous photoinactivation rate constants, k

endogenous

and kendogenouss fOr bacteria irradiated by

full spectrum simulated sunlight (taken from Maraccini et al. (2016b)) and by UVB-reduced simulated

sunlight reported herein. Values shown represent the average of at least 3 experiments + one standard

deviation. The percent reduction from kengogenous Under full spectrum simulated sunlight to UVB-reduced

simulated sunlight is listed for all bacteria tested.
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Figure Captions:

Figure 1. Average daily irradiance of UVB light, UVA light, and visible light at depths from the surface
to 15 cm depth in wetland water (total organic carbon = 12.3 mg 1" as C, San Joaquin Creek, Irvine, CA,
33.6694° N, 117.8231° W) on September 14th, 2015. The light intensity at different depths was
calculated from the water absorbance, light intensity at the water surface, and the solar zenith angle, as
described in a previous study (Maraccini et al. 2016a). The water absorbance was measured with an
Uvikon XL Spectrophotometer (BioTek Instruments, Winooski, VT) and can be mainly attributed to the
absorption of the dissolved natural organic matter present in the wetland water while the absorbance of
the water itself is small (between 0.025% cm™ at 550 nm and approximately 1% cm™ at 280 nm) (Hale
and Querry 1973). The light intensity incident to the water surface and the solar zenith angle were

obtained from the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS).

Figure 2. Light spectra of the natural sunlight (solid line, midday summer in Palo Alto, CA) and solar

simulator with the UVB cutoff filter (dashed line).

Figure 3. Inactivation rate constants of Gram-positive facultative anaerobes, Gram-negative
facultative anaerobes, an obligate anaerobe, and a microaerophile in 1 mmol I"\carbonate buffer
saline with various photosensitizers (CBS = no photosensitizer, MB = 0.5 pmol 1" methylene
blue, RB = 0.5 pmol I"' rose bengal, Nitrite = 200 mg 1" NO,, SRNOM =20 mg 1" as C
Suwannee River natural organic matter, iDOM = 20 mg I"' as C dissolved organic matter isolated
from a treatment wetland) when irradiated with simulated sunlight passing through a UVB cutoff
filter. Values are averages and standard errors from pooled biological replicates; note that pooled

values were not used in hypothesis testing and are shown here for visualization. The stripped
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bars are the control solutions (CBS), the grey bars indicate the photosensitizer increased k,and

the white bars indicate there was no change in k compared to the control. The k values,
standard deviations, and 95% confidence intervals for individual experiments may be found in

the Supporting Information (Tables S1 and S2).
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