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Abstract

Sunlight inactivates waterborne viruses via direct (absorption of sunlight by the virus) and indirect
processes (adsorption of sunlight by external chromophores, which subsequently generate reactive
species). While the mechanisms underlying these processes are understood, their relative importance
remains unclear. This study establishes an experimental framework to determine the intrinsic virus
parameters associated with their susceptibility to solar disinfection, and proposes a model to estimate
disinfection rates and to apportion the contributions of different processes. Quantum yields of direct
inactivation were determined for three viruses (MS2, phiX174 and adenovirus), and second-order rate
constants associated with indirect inactivation by four reactive species (102, OH, CO5", and triplet
states) were established. PhiX174 exhibited the greatest quantum yield (1.42-107%), indicating that it is
more susceptible to direct inactivation than MS2 (2.9- 10) or adenovirus (2.5-10™). Second-order rate
constants with °‘OH ranged from 1.7-10° to 7.0-10° M's' and followed the sequence
MS2>adenovirus>phiX174. A predictive model based on these parameters accurately estimated solar
disinfection of MS2 and phiX174 in a natural water sample, and approximated that of adenovirus
within a factor three. Inactivation mostly occurred by direct processes, though indirect inactivation by

102 also contributed to the disinfection of MS2 and adenovirus.



Introduction

Waterborne pathogens continue to pose a public health challenge throughout the world. Pathogens can
reach surface waters via direct input or the discharge of insufficiently treated sewage. Several factors
have been identified that influence pathogen fate in surface waters: temperature, sedimentation, pH,
biological disinfection (e.g., grazing by microorganisms) and sunlight."* Among these factors, sunlight

1,3-10

is often considered the most important, and several low-cost water treatment techniques, including

waste stabilisation ponds (WSPs) and solar disinfection for drinking water (SODIS), rely on sunlight

for disinfection.>!"!?

Most studies on solar disinfection to date have focused on bacterial indicator organisms, such as E.
coli and faecal coliforms. Less is known about whether these results also hold for pathogenic viruses
and parasites.' A number of studies have indicated that viruses are generally more resistant to sunlight-
mediated inactivation than bacteria.”'®'>'* Nevertheless, to date only few studies have investigated

mechanisms of removal or inactivation of viruses in surface waters.”

Solar disinfection of viruses can occur by direct or indirect inactivation processes. Direct inactivation
(sometimes referred to as endogenous inactivation) involves the absorption of UVB light by the viral
genome, which leads to its degradation. In indirect (or exogenous) inactivation, light in the UVB/A
and visible range is absorbed by sensitizers in the water, such as organic matter (OM), nitrate, nitrite
or iron-containing complexes. The excited sensitizers then generate reactive species including singlet
oxygen ('0,), hydroxyl radicals (OH), triplet state OM (*OM) or carbonate radicals (CO;),">'°
which can inactivate viruses. The relative contribution of direct and indirect inactivation depends on
the virus under consideration and the solution conditions. For example, Davies-Colley et al.
showed that in WSPs, F-RNA phages were inactivated by UVB/UVA and visible light, whereas F-
DNA phages were mainly inactivated by UVB. They concluded that the inactivation of the former
includes a significant indirect contribution, whereas the latter are primarily inactivated directly.’
Furthermore, 'O, was suggested as the most important reactive species to cause inactivation of MS2
coliphage in WSP water.'® Apart from 'O,, several studies focussed on the effects of organic matter
or different water origins on solar disinfection."”?' These studies showed that organic matter
influences virus inactivation, but each virus responds differently to varying water compositions. Both
'0, and *0OM have been correlated with virus inactivation’*>. However, different inactivation
pathways may occur simultaneously, and no attempt has been made to determine the contribution of

the different pathways.

The goal of this work was to elucidate the contribution of direct inactivation and the different

reactive species to total solar virus disinfection in surface waters in general, and in a WSP sample in



particular. MS2, a single-stranded (ss)RINA phage, phiX174 a ssDNA phage and human adenovirus
type 2, a double-stranded (ds) DNA virus, served as the test organisms. MS2 is susceptible to
reactive species but relatively resistant to direct inactivation, while phiX174 exhibits the opposite
behaviour.” Adenovirus is expected to have a similar solar disinfection behaviour as MS2; it is one

of the most resistant viruses to UV disinfection,”* but it is susceptible to inactivation by '0,.”’

In controlled experimental solutions, inactivation quantum yields of these viruses were determined as
a proxy of direct inactivation, and second-order inactivation rate constants associated with indirect
inactivation were obtained for four reactive species (‘0,, OH, CO5", and triplet states). Using these
parameters, a simple, predictive model of solar virus disinfection was established, which allowed us
to estimate inactivation rate constants in an environmental WSP sample and apportion the

contributions of different processes and reactive species involved.
Experimental section

Chemicals and Organisms
The chemicals, organisms and culturing methods used are described in the Supporting Information

(hereafter SI).

Experimental approach

Four sets of experiments were conducted. First, direct inactivation of the three viruses was studied
under a solar simulator, and the inactivation quantum yields were computed. Second, the second-
order rate constants for the inactivation of the three viruses by four reactive species (102, OH, CO;",
and triplet states) were determined. Third, steady-state concentrations of the reactive species were
measured in a WSP sample under simulated sunlight using selective probe compounds. These data,
jointly with the inactivation quantum yields and second-order rate constants, were used to predict
virus inactivation in the WSP sample. Finally, solar disinfection of the viruses in the WSP water was

measured under simulated sunlight, and was compared to the predicted inactivation.

Solar disinfection experiments were conducted in a thermostatic bath (23 + 2°C) in 30 mL closed
Pyrex cells containing 20 mL of solution (solution depth: 1.6 cm), unless stated otherwise. The light
transmission spectrum of the Pyrex cells is shown in the SI (Fig. S7). Experimental solutions were
either autoclaved or filtered through 0.20 um or 0.45 um pore size filters (Whatman™). Samples
were irradiated by different light sources and in the presence of different sensitizers (discussed
below). Aliquots (150 or 200 puL) were withdrawn periodically, added to 450 uL phosphate-buffered
saline (PBS, for phages) or 800 uL Dulbecco’s modified Eagle’s medium (DMEM, for adenovirus),
and the remaining infective virus concentration was enumerated. Control experiments were

conducted in WSP samples in the dark, as well as in PBS under irradiation, to assess the extent of



dark and direct virus inactivation or probe compound degradation under the experimental conditions

used herein.

Quantum yields for direct inactivation
The inactivation quantum yield, ¥» , compares the number of inactivated viruses with the number of
photons absorbed over time by a viral solution. Specifically, it corresponds to the ratio of the direct

virus inactivation rate and the photon absorption rate.

Direct virus inactivation rates were determined in 20 mL PBS samples irradiated by a Sun 2000
Solar Simulator (ABET Technologies, Milford, Connecticut) equipped with a 1000 W Xe lamp, an
Air Mass (AM) 1.5 filter and a 2 mm thick Atmospheric edge (AE) filter to mimic the solar radiation
spectrum (SI Fig. S7). The fluence rate of the simulator was measured by an ILT 900-R (ruggedized
wideband) spectroradiometer (International Light Technologies). As the sensitivity of the
spectroradiometer in the UVB range was low, the AE filter was removed from the simulator to
measure the spectrum. The fluence in the presence of the AE filter was then computed from the
measured lamp output with the AM 1.5 filter only, multiplied by the transmission spectrum of the

AE filter.

For phiX174, additional experiments were conducted in open beakers with the same surface area as
the Pyrex cells. Adenovirus experiments were carried out in competition with MS2 and in the
absence of the AE filter to reduce the experimental time. All experimental conditions and data
pertaining to the measurement of the inactivation quantum yields are summarized in the SI (Tables

S13 and S14).

To determine the rate of photon absorption, the absorption spectrum for a single virus had to be
established. For this purpose, it was assumed that within the wavelength range of solar radiation,
light absorption by viruses is dominated by the genomes, whereas absorption by proteins is
negligible in comparison. The absorbance spectrum of DNA and RNA both exhibit a pronounced
peak around 260 nm. For a given virus, the absolute absorbance at 260 nm can be calculated by
multiplying the weight of the genome with the known, weight-normalized extinction coefficient of
the respective genome type at 260 nm (£(260 nm)). The values of €(260) for ssRNA, ssDNA and
dsDNA are 0.025, 0.027, and 0.020 (ug/mL)'em™,*® respectively. The weights of the genomes of
MS?2, phiX174 and adenovirus are 1.91-10"* pg,” 2.77-10"* ug and 3.70- 10" ug, respectively.’* >
The absorption spectrum of each virus at wavelength > 260 nm was then determined by taking into
account the shape of the absorption spectrum of a virus solution. For MS2 and phiX174, this was
done by measuring the UV/vis absorbance of a purified virus stock. In the case of adenovirus, the
stock was not sufficiently pure to obtain a reliable measurement, therefore the shape of the phiX174
spectrum (also a DNA virus) was used. The measured spectrum was normalized such that the

absorbance at 260 nm corresponded to the calculated one. Finally, a Gaussian distribution around the
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peak at 260 nm was fitted to the absorbance spectra from 280 nm onwards to remove any
measurement noise from the baseline. This yielded the extinction coefficients for a single virus,

Epirus(A) [mL virus 'em™] (SI Table S3).

The rate of photon absorption by the viruses (P ** [photons s™*mL™*1) was computed

analogously to the specific rate of light absorption of an organic chemical in a light-absorbing

33,34

solution,”™”" according to equation 1 (SI Fig. S8)

Pvirus — I pﬂ (‘l}svirus (A}Cvirus
A

a (B - @ ptuzion (X)) {1 - 1u-amrfmuiaje=)d Eo. 1)

Here P (1) is the incident photon flux density [photons s cm™ nm™"], Evirus (1) the virus extinction

coefficient in [mL virus” cm™'], Cwirus the virus concentration in [virus mL™'], #setution (1) the total

absorbance of the solution in [cm™], and b the optical path length in the reactor [cm].

RO, — dcgir:ﬁ /
Finally, ®» was determined by dividing the initial virus inactivation rate = virus dt by
the rate of photons absorbed by the viruses

@&, = Rgirus/

Pgu-us

(EQ. 2)

Second-order inactivation rate constants

Unless noted otherwise, second-order rate constants for the inactivation of MS2 and in part for

phiX174 by reactive species (] virus—reactive 3;;33,;:‘93} were determined in competition

experiments with organic probe compounds with known corresponding second-order degradation

rate constants YKlprobe—reactive -ﬂﬁﬂfciﬂf}. For adenovirus and in part for phiX174, experiments
were conducted in competition with MS2. This latter approach was chosen for two reasons: first, it
allowed us to directly assess the validity of using MS2 as a surrogate of adenovirus. Second, it
circumvented the need for probe compound analysis by HPLC (solutions containing infective
adenovirus could not be analysed by HPLC due to biosafety considerations). During each
experiment, aliquots were removed periodically to enumerate infectious viruses as discussed above.
Simultaneously, when relevant, 1-1.5 mL aliquots were taken for probe compound quantification and
were analysed by HPLC (see SI for details). All experimental conditions and data pertaining to the

measurement of second-order inactivation rate constants are summarized in the SI (Tables S5-S12).

Hydroxyl radical. OH was generated by nitrate photolysis under a UVB lamp (Philips UVB
Narrowband TL 20W/01, intensity: 0.95 + 0.05 W/m?). Experiments were conducted with 20 mL of
10 or 50 mM nitrate and 5 mM phosphate at pH 7.5. The second-order rate constant of MS2

inactivation by OH" was determined in a competition reaction with 20 pM tryptophan. Hereby, the



inactivation of MS2 and the degradation of tryptophan were measured simultaneously in the same

reactor. The corresponding inactivation or degradation rates can be formulated as

dc M52 _ — [—
4 k - -geC k M52 Car
!‘lit MEZ-OH “0OH S5- M52 app, MEZ - M52 (EQ. 3)

dcy,.
¥y — — — _
dit — ktr}'p—ﬂH'cOH',SScsr}'p - kupp,sr}'pcsr}'p' (EQ. 4)

Where %as2-08- is the second-order rate constant for the inactivation of MS2, Keryp-on is the
second-order rate constant for the degradation of tryptophan, “0#-55 is the OH' steady-state
concentration, and €usz and “tryp are the infective MS2 and the tryptophan concentrations at time t.

kysa-om- could then be determined from the ratio of the respective pseudo-first-order degradation rate

constants (kupp):

ku.pp,;"f.".i'Z/ k“. o OH-
app.tryp o . (EQ.5)

kusz_on- =

Where (krr}"ﬂ—ﬂﬂ') corresponds to 1.3-10' M's™.*> The presence of tryptophan suppressed the
steady-state concentration of OH', such that the inactivation of phiX174, a much more sensitive
organism toward UVB inactivation, became largely dominated by direct inactivation in the same set-
up. Hence, inactivation of phiX174 and adenovirus was subsequently determined in a similar manner

by using the competition with MS2, without the addition of tryptophan.

Carbonate radical. CO;” was generated by scavenging OH' via the addition of (bi)carbonate (100

mM) to the nitrate solution described above. The pH was adjusted to 9.2 to maximize the

concentration of CO;”, while avoiding virus inactivation due to elevated pH. kms2-coy was
determined in a competition reaction with 10 uM tyrosine in the same manner as described for OH
(Eq. 3-5). Under our experimental conditions, the concentration of the CO;~ was 3900 times higher

than that of the OH, such that 98 % of the degradation of tyrosine could be attributed to CO;~

(Keyrosina-cog = 1.4.10° M's™),% and only 2 % to OH' (Keyresine—or- = 1.3.10' M's™!). 3

As for the inactivation studies with OH', inactivation of phiX174 and adenovirus were determined in
competition experiments with MS2 without the addition of tyrosine. Calculations carried out with the
derived virus rate constants confirmed that all viruses in the studied systems were mostly inactivated

by CO;" and not (or to a far lesser extent) by OH'.

Singlet oxygen. 'O, was produced by visible light excitation of Rose Bengal (RB) by a yellow lamp
(TL D 18W/16, intensity: 0.022 + 0.02 W/m®). The experiments were performed in 20 mL phosphate
buffer (PB, 5 mM phosphate at pH 7.5), which was spiked with RB (10 uM). Furfuryl alcohol (FFA)
was used as a 'O, probe. However, the FFA degradation products can cause virus inactivation.

Therefore, virus inactivation by '0, was studied in the absence of FFA and the degradation of the



latter was measured in separate reactors containing identical experimental solutions including
viruses. This approach is possible because the low FFA concentration used (50 pM) did not affect

the steady-state concentration of 'O,, which is mostly scavenged by thermal inactivation upon

collision with the solvent (lifetime around 4 ps).34 Kusz-to, and K phix174-10, were calculated in

an analogous way as described in Eq. 3-5 using the second-order degradation rate constant

krra-10; =12.10°M's". Kadeno-10; was measured in competition experiments with MS2.

In order to discriminate between virus inactivation by '0, versus excited-state RB, additional
experiments with both MS2 and phiX174 were conducted in D,0. D,0 is a 13-fold weaker quencher
of '0, than H,0,* therefore the steady-state concentration of '0, increases while the steady-state

concentration of excited RB is not affected.

Triplet state OM. Inactivation by triplet states was studied by UVA excitation (Philips TL-K UVA
40W, intensity: 8.7 £ 0.4 W/mz) of anthraquinone-2-sulfonate (AQ2S, 50 uM in PB), which served
as a proxy "OM. The advantage of using AQ2S is that it produces neither 'O, nor OH.** The
steady-state concentration of the AQ2S triplet state CAQ2S) was determined indirectly by following
the AQ2S degradation via HPLC, as described in the SI on the basis of a kinetic model reported

elsewhere ** Kus2-4925 and Xphix174-4025 were determined by dividing the pseudo-first order

degradation rate constant K app,virus by the steady-state concentration of *AQ2S. To rule out a

possible influence of the viruses on the AQ2S steady-state concentration, experiments were

conducted at varying initial phage concentrations (see SI, Fig. S2 and Table S11). Kadeno-4025 was

measured in competition experiments with MS2.

Virus inactivation in WSP water

In order to validate the second-order rate constants and inactivation quantum yields in environmental
solutions, inactivation of viruses was studied in an environmental water sample, specifically in WSP
water. Water was collected from the third pond (second maturation pond) of the WSP in Vuiteboeuf,
Switzerland. The absorbance spectrum of the water is shown in the SI (Fig. S9). The WSP water had
a pH of 8.3, a non-purgeable organic matter content of 14.4 mg C L™ and a dissolved organic carbon
content of 52 mg L' (determined by Shimadzu TOC-Vpy analyzer), as well as 3.5 mg nitrate L™
and 0.6 mg nitrite L' (determined by SEAL AutoAnalyzer 3 colorimeter). The sample was filtered
through 0.45 pm pore size membranes and was stored at -22 °C or at 4 °C when analysed within two

weeks.

Virus inactivation in the WSP sample was measured under simulated sunlight in Pyrex cells
containing 20 mL WSP water. All experimental conditions and data pertaining to the inactivation

measurement in the WSP water are summarized in the SI (Tables S13 and S15).



Steady-state concentrations of reactive species in irradiated WSP water

The steady-state concentrations of reactive species were measured with selective probe compounds
in parallel Pyrex reactors containing WSP water, as described elsewhere.*' In brief, the OH'
concentrations were measured by monitoring the production of phenol from benzene (Ksenzens—os-
= 7.8-10° M''s™),” which was directly spiked as probe into the WSP water. 'O,, *0OM and CO;"

concentrations were determined based on the measured decay of probe compounds with known
reaction rate constants, namely FFA (kFF—‘l-’Oz =1.2-10° M'ls'l),37 2,4,6-trimethylphenol (TMP;
krmp—som = 4.8.10° M's")* and N,N-dimethylaniline (DMA, XpMa-coz = 1.85.10° M's")2
respectively. The probe compounds were added at initial concentration in the range of 0.01 — 2.2

mM. The HPLC conditions used to monitor the time trends of the above compounds are given as SI.

Data analysis

Virus inactivation as well as probe compound degradation followed pseudo-first-order kinetics:

dc - _
lqe = ~Kapp© (EQ. 6)

where ¢ is the concentration of infective virus or probe compound, and k,p, is the apparent pseudo-

first-order inactivation or degradation rate constant. The values of k,,, and their associated 95 %

: : : . .In (’: ) .
confidence intervals were determined from a least-square fit of f €0/ versus time.

If significant light shielding or dark inactivation occurred, Kapp values were corrected accordingly

prior to further data manipulation (see SI for details concerning light shielding corrections).

The time evolution of phenol formation from benzene could be approximated with the following
equation:”'

[Phenol] =
kP - kB

(e —erh) (EQ.7)

where k'p is the pseudo-first order rate constant of phenol formation from benzene, [Benzene], the
initial benzene concentration, kp and kg the pseudo-first order degradation rate constants of phenol

and benzene, respectively. The initial formation rate of phenol is Rp = k'p [Benzenel],.

Results and discussion

Direct inactivation and inactivation quantum yields
Direct inactivation of MS2 proceeded at a five times slower rate compared to phiX174, and at an

l.,19 who also studied inactivation of

approximately equal rate as adenovirus (Fig. 1). Love et a
phages and adenovirus type 2 by simulated sunlight, reported a comparable trend, though they found

a larger (17-fold) difference between the inactivation rates of MS2 and adenovirus. Furthermore,
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Shin et al.* showed that while adenovirus type 2 was more resistant to UVyss than MS2, its
resistance diminished under the broader spectrum UV radiation of a medium pressure UV lamp.
Similarly, the broad UV spectrum of simulated sunlight used in this study resulted in comparable

resistances of adenovirus and MS2.

The inactivation quantum yields determined in this study are shown in Table 1. These values
correspond within a factor of three to those determined by Rauth* for MS2 and phiX174 at 280 nm.
As phiX174 is inactivated faster than MS2 while adsorbing comparable amounts of light, its
inactivation quantum yield is larger. Each photon absorbed by phiX174 is five times more likely to
cause inactivation compared to MS2. In contrast, MS2 and adenovirus exhibited similar apparent
inactivation rate constants, even though the longer genome of adenovirus absorbs significantly more
light. The inactivation quantum yield is thus lower for adenovirus than for MS2. This can be
rationalized by considering that, as a dSDNA virus, adenovirus can use its host’s cellular machinery
to repair genomic UV damage.*****® Compared to the ssDNA and RNA viruses, adenovirus can
therefore sustain more genomic UV damage without becoming inactivated, resulting in a lower

inactivation quantum yield.

Note that for simplicity, we made the assumption in eq. 2 that each photon absorbed had the same
inactivation quantum yield. As literature data suggest, however, shorter wavelengths in the range
considered exhibit a stronger inactivating effect that longer ones*. Nevertheless, this approach was
used because differences in inactivation quantum yields are rather small in the UVB range of

sunlight spectrum (290-320 nm)."’

Rate constants for indirect inactivation by reactive species

All three viruses were efficiently inactivated by all reactive species tested. An overview of the
inactivation rate constants is given in Fig. 2, and exact values are listed in the SI (Table S4). For each
reactive species, the virus susceptibility to inactivation followed the sequence MS2 > adenovirus >
phiX174. The second-order rate constants for each virus were within one to two orders of magnitude.

Below, the findings for each reactive species are discussed in detail.

Hydroxyl radical. OH exhibited second-order inactivation rate constants that were one to two orders
of magnitude greater than those of the other reactive species (Fig. 2). As for many organic
compounds, the inactivation rate constants were close to the diffusion limit. The most susceptible
virus was MS2, which exhibited a ¥ms2-0x- of 7.4 (+ 1.9)-10° M"'s™. This high value was expected,
given that OH' are very reactive and MS2 is susceptible to oxidation.” The Kms2-ox- determined
herein is comparable to that computed based on data by Mamane et al,*® which yielded a value of

1‘49

1.6:10"° M''s™. In contrast, the data reported by Rosado-Lausell et al.*’ suggest a nearly ten times

greater Xms2-ox- . This difference may stem from the fact that in their study, the OH' concentration
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used to calculate Kums2-om was determined in a separate reactor. This approach may introduce a
significant error, as small differences in solution composition, such as the presence of a probe

compound itself, can drastically change the steady-state concentration of a radical.

Kphix174-0H was approximately four times smaller than Kus2-os- (Fig. 2; SI, Table S4 and Fig.

S1). This corresponds well to the data obtained by Sommer et al.,” who determined that inactivation
of MS2 by (OH' producing) ionizing radiation was six times more efficient than inactivation of
phiX174. Finally, the susceptibility of adenovirus to OH' lay between that of MS2 and phiX174,
yielding a value of 4.2 (+ 1.4)-10° M"'s". This was ten times larger than reported by Bounty et al.
(4.6-10" M's™").® The higher value calculated by this group may result from synergistic effects
between UV and OH, as in their experimental set-up UV accounted for about 50 % of the
inactivation. Under the conditions used herein, only about 1 % of inactivation was due to UV

radiation.

Carbonate radical. For experiments with CO;", the second-order rate constants were between 30 and
60 times smaller than the corresponding rate constants for OH' (Fig 2, Table S4). This difference is
not surprising, given that many building blocks of viruses (such as the amino acid residue tyrosine
itself) exhibit a similar difference in their reactivity toward these two radicals*™*® Furthermore, the
three viruses had similar inactivation rate constants, within a factor of two. This indicates that the
different viral structures and compositions had little influence on this inactivation mechanism. This
can be rationalized by considering that CO;" are more selective than OH', and may react with similar
targets on the three viruses. To our best knowledge, this is the first report of virus inactivation rate

constants by CO;".

Singlet oxygen. K52-105 was about six times greater than Kpnix174-10, (Fig. 2, Table S4). The

value for Kusz-to, reported here (3.5 (£ 0.3) 10 M's™) corresponds well to those calculated based
on previous studies (3.3-3.9-10° M''s™), where 'O, was also produced with Rose Bengal but by
different excitation lamps.'®* Adenovirus was only slightly more resistant to 'O, than MS2 (Fig. 2,
Table S4) which confirms that this virus is susceptible to oxidants. This data contradicts the
statement of Dewilde et al.’' that 'O, had no effect on non-enveloped viruses like adenovirus and

poliovirus 1.

Additional experiments in D,O were performed to confirm that in our experimental system
inactivation was promoted by 'O, rather than the triplet state of the 'O,-sensitizer Rose Bengal.
Given a 2% content of H,O in our experimental D,O solutions and the 13-fold lower '0, quenching
rate constant of D,O compared to H,O, the k,,, of both MS2 and phiX174 in D,O should increase by
a factor of 10.4 compared to the experiments conducted in H,O. The observed increase in k,,, was

6.7 £ 0.6 and 7.7 + 1.7 for MS2 and phiX174, respectively (Table S4). The lower than expected

12



increase in k,p, indicates that the triplet state of Rose Bengal contributes to inactivation.
Nevertheless, as the contribution of the triplet state was small, we neglected it in the calculation of

the second-order rate constants with 'O,.

Triplet states. *AQ2S was markedly more efficient at inactivating MS2 compared to the other
viruses; the corresponding second-order rate constant was 21 and 9-fold greater than for phiX174
and adenovirus, respectively (Fig. 2, Table S4). Hence, the difference in sensitivities of the three
viruses toward *AQ2S was much greater than for the other reactive species tested. These results may
indicate that the relevant targets of phiX174 and adenovirus are more easily accessible for small

molecules, such as 'O, or OH, than for a larger organic compound.

Rosado-Lausell et al.*’

studied MS2 inactivation and TMP degradation in the presence of the triplet
sensitizer 3’-methoxyacetophenone. Based on these data, we computed a second-order rate constant

of MS2 inactivation by triplet states of 1.62-10° M"'s™, which is in good agreement with our result.

Overall, our results confirm previous findings that MS2, and to a lesser extent adenovirus, are
relatively resistant to direct inactivation but are efficiently inactivated by oxidants. In contrast,
phiX174 was more resistant to oxidants but readily underwent direct inactivation by UVB
irradiation. Besides the type of genome, a major difference between MS2 and phiX174 is the
structure of the capsid. The capsid of MS2 is thinner compared to that of phiX174 (21 A vs. 30 A,

respectively),”>

and it contains pores. The thicker and more compact shell of phiX174 may provide
it with greater oxidant scavenging ability, and may protect the genome by reducing the penetration of
organic sensitizers and reactive species into the virus core. This hypothesis is consistent with
findings by DeMik and DeGroot,” who reported that in the case of another oxidant, ozone, phiX174
was inactivated by protein damage, and that the nucleic acid was only secondarily affected. For

MS2, in contrast, ozone has been suggested to mainly target the genome.”
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Model to estimate and apportion inactivation processes in sunlit natural water
To validate the environmental relevance of the parameters derived above, we then determined if
these parameters allowed us to estimate solar virus disinfection in an environmental water sample.

Specifically, a simple model was formulated to estimate the virus inactivation rate:

dey; i
vu'usfdt = _ku,ppcuims = _Pglmsd’v - Z kreucsivespecies—vil-uscreucsivespecies,.’!i‘s‘ Crirus-
reactive species
(EQ. 8)
To test this model, we determined the light penetration and steady-state concentrations of reactive
species in a WSP sample, and used these data, combined with the kinetic parameters derived above
(quantum yields and rate constants), to estimate virus inactivation. The estimated inactivation rate

was then compared with the rate measured in the WSP sample.

3356 the WSP water exhibited similar

In comparison with typical values for sunlit surface waters,
steady-state concentrations upon irradiation by simulated sunlight, specifically: OH' ((1.76+0.80)-10°
'Y M), CO;™ ((3.422.1)-10™° M), '0, ((3.6£0.2)- 10"* M) and *OM ((4.7+2.4)- 10" M). This indicates
that the photoreactivity of the organic matter in the WSP water used herein was comparable to that of

other surface waters.

With the second-order inactivation rate constants, inactivation quantum yields and the steady-state
concentrations of the reactive species in the WSP water in hand, the expected k,,, in WSP water
could be computed, according to Eq. 8. Finally, the computed k,,, was compared to the
experimentally determined one. As can be seen in Fig. 3, the computed k,y,, for all three viruses was
lower than the experimentally observed one. The discrepancy between model and measurement was
smallest for phiX174, for which nearly all inactivation was due to direct UVB absorption (97 % of
the measured k,,,). While our prediction for MS2 was also close to the measured one (11%
difference), it was less accurate for adenovirus, for which the computed value underestimated the
actual one by a factor of 6. This extensive inactivation of adenovirus may result from synergistic
effects of different inactivation processes. For example, it has been shown that the combination of
'0, and hydrogen peroxide, which are both present in irradiated surface water, lead to faster MS2
inactivation that the sum of individual effects.”® Adenovirus, which is a more complex virus than
MS2, may undergo more pronounced synergisms, either between UV and reactive species or among
reactive species. While further research is needed to elucidate and quantify such effects, synergisms

may enhance adenovirus inactivation compared to the model presented in equation 8.

Surprisingly, the measured adenovirus inactivation was the most rapid of the three viruses, even
though this virus is typically considered the most resistant organism to UV inactivation.*** This
behaviour may be due to the important role of oxidants in this WSP water. Specifically, 'O, has

previously been found to degrade the protein domains of adenovirus associated with host attachment
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and entry,”” and other reactive species may attack the same sites. This type of damage prevents the
virus from infecting the host, and hence renders it incapable of undergoing repair by the host

machinery.

For the two phages, the estimated contribution of direct inactivation in our experimental set-up
accounted for 53 and 95 % of the total measured inactivation of MS2 and phiX174, respectively.
Furthermore, reactive species contributed only 2 % to the total inactivation of phiX174, while this
contribution was 36 % for MS2. The remaining 3 % and 11 % of the measured k,,, for phiX174 and
MS2, respectively, could not be explained by processes described in Eq. 8. For both viruses, the most
important reactive species predicted by our model was 'O,. It accounted for 72 and 78 % to the total
inactivation caused by the reactive species (indirect inactivation) for MS2 and phiX174, respectively.
This is consistent with findings by Kohn and Nelson, who reported that 'O, was the main reactive
species involved in the inactivation of MS2 in a Californian WSP.'"® Other reactive species
contributed to the indirect MS2 inactivation in the following sequence: ‘OM (18 %), OH (7 %) and
CO;5" (3 %). For phiX174 the order was different, with OH (11 %) contributing more than CO;" (8
%) and *OM (3 %).

Inactivation that was unaccounted for by Eq. 8 can be rationalized by several possibilities. First, the
missing fractions of inactivation may be due to synergistic effects not captured by the model, as
discussed for adenovirus above. Alternatively, inaccurate measurements of reactive species
concentrations may be implicated. Specifically, steady-state concentrations are highest close to the
production source. For example, 'O, concentrations have been shown to be elevated in the close
vicinity of OM compared to the bulk solution.”” Hence, if OM adsorbs to MS2 or phiX174, the 'O,
concentration the viruses are exposed to would be higher than the one measured in the bulk solution
by the probe compounds used herein.”® Finally, other reactive species may form in the sunlit pond
water, such as superoxide, hydrogen peroxide or OM-derived radicals,'® which may also contribute

to virus inactivation but were not included in the model.

To conclude, this work elucidates pathways that lead to solar disinfection of three viruses in a waste
stabilisation pond. MS2 is relatively resistant to UVB light; it may therefore be a conservative
indicator of virus inactivation in surface waters where direct inactivation is the most important
process. This would be the case in waters that contain little organic matter, where UVB light is
readily transmitted and the production of oxidants is low. The phage phiX174, which is relatively
resistant to oxidants, may serve as a conservative indicator in waters that contain high concentrations
of organic matter, and that efficiently shield UVB light. The fast inactivation of adenovirus could not
be explained by our analysis, but we propose that it was due to synergistic effects of the combined
treatment of sunlight and oxidants that cause inactivation in sunlight surface waters. Future studies

will elucidate if other human viruses can be more accurately captured by our model.
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Finally, in order to further standardize experimental protocols, we suggest to use MS2 as a reference
organism to study solar disinfection for different viruses. This approach offers two main advantages.
First, MS2 is easy to work with and is already broadly used in many research groups. Second, it is
susceptible to reactive species, which may greatly vary in concentration between water samples.
Systematically including MS2 inactivation as a reference measurement would thus allow to
standardize and interpret disinfection experiments with other viruses, even if different waters with

varying characteristics are used.

Associated content

Supporting information: a list of chemicals and microorganisms; experimental details for HPLC
analyses; correction for light shielding; experimental details and data pertaining to determination of
second-order rate constants; determination of steady-state concentrations of reactive species in WPS
water; spectra of Pyrex cell, solar simulator, MS2 and WSP water; light extinction spectra of viruses;
tables of second-order rate constants of viruses inactivation by reactive species. This material is

available free of charge via the Internet at http://pubs.acs.org/.
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Tables and figures

TABLE 1: QUANTUM YIELD FOR DIRECT INACTIVATION BY SUNLIGHT FOR MS2, PHIX174 AND ADENOVIRUS.
VALUES ARE REPORTED WITH 95 % CONFIDENCE INTERVALS.

q)MSZ q)phiX174 q)Adenovirus
[pfu inactivated/ [pfu inactivated /  [pfu inactivated /

photon absorbed]  photon absorbed] photon absorbed]

(2.9t 0.4)-10° (1.42% 0.10)-10" (2.5%0.5)-10™

21



~ 10°%
10°0 - A ]
A » v
OQ> ) A 10 ¢ A
;>
g [ ] 2
S A R 10 v A
s 10_1 © v
(0] r 4
5 o A 107 A
o A
kS
° . v .
107 v
°
1072 ‘ ‘ ‘ ‘ ‘ ‘ 0 5 1\0 1‘5 2‘0
0 5 10 15 20 25 30

irradiation time [h] irradiation time [min]

FIGURE 1: INACTIVATION EXPERIMENTS CONDUCTED IN PBS UNDER THE SOLAR SIMULATOR. (LEFT)
INACTIVATION OF PHIX174 (o) AND MS2 (A) WITH THE AE FILTER OR IN THE DARK (EMPTY SYMBOLS).
(RIGHT) INACTIVATION OF MS2 (A ) AND ADENOVIRUS ( ¥) WITHOUT THE AE FILTER.
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FIGURE 2: SECOND-ORDER INACTIVATION RATE CONSTANTS OF MS2 (BLUE), PHIX174 (RED) AND ADENOVIRUS
(PURPLE) WITH HYDROXYL AND CARBONATE RADICALS, SINGLET OXYGEN AND TRIPLET STATES. VALUES ARE
REPORTED WITH 95 % CONFIDENCE INTERVALS.
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MS2 phiX174 adenovirus

FIGURE 3: MEASURED (BLUE) AND COMPUTED APPARENT INACTIVATION RATE CONSTANTS k,,p (RED/ORANGE,
EQ. 8) FOR MS2, PHIX174 AND ADENOVIRUS FROM EXPERIMENTS PERFORMED UNDER THE SOLAR SIMULATOR.
THE ORANGE PORTION OF THE BAR INDICATES THE CONTRIBUTION OF DIRECT INACTIVATION, CALCULATED
USING EQ. 1 AND THE QUANTUM YIELDS (TABLE 1). THE RED PORTION INDICATES THE CONTRIBUTION OF
INDIRECT INACTIVATION, CALCULATED BASED ON THE SECOND-ORDER INACTIVATION RATE CONSTANTS
(FIGURE 2) AND THE MEASURED STEADY-STATE CONCENTRATIONS OF THE FOUR REACTIVE SPECIES (TABLE S4).
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