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Solar disinfection (SODIS) of drinking water in polyethylene terephthalate (PET) bottles is a simple, efficient point-of-use tech-
nique for the inactivation of many bacterial pathogens. In contrast, the efficiency of SODIS against viruses is not well known. In
this work, we studied the inactivation of bacteriophages (MS2 and �X174) and human viruses (echovirus 11 and adenovirus
type 2) by SODIS. We conducted experiments in PET bottles exposed to (simulated) sunlight at different temperatures (15, 22,
26, and 40°C) and in water sources of diverse compositions and origins (India and Switzerland). Good inactivation of MS2 (>6-
log inactivation after exposure to a total fluence of 1.34 kJ/cm2) was achieved in Swiss tap water at 22°C, while less-efficient inac-
tivation was observed in Indian waters and for echovirus (1.5-log inactivation at the same fluence). The DNA viruses studied,
�X174 and adenovirus, were resistant to SODIS, and the inactivation observed was equivalent to that occurring in the dark.
High temperatures enhanced MS2 inactivation substantially; at 40°C, 3-log inactivation was achieved in Swiss tap water after
exposure to a fluence of only 0.18 kJ/cm2. Overall, our findings demonstrate that SODIS may reduce the load of single-stranded
RNA (ssRNA) viruses, such as echoviruses, particularly at high temperatures and in photoreactive matrices. In contrast, comple-
mentary measures may be needed to ensure efficient inactivation during SODIS of DNA viruses resistant to oxidation.

Access to an improved source of drinking water is compro-
mised for about 11% of the world’s population (approxi-

mately 800 million people), while more than 1.8 million people
use water that is unsafe (1). This dramatic situation may worsen
globally in the future, partly due to climatic change and human
demographic growth (2, 3). Inevitably, consumption of contam-
inated water leads to many fecal-oral infections, such as gastroen-
teritis caused by bacteria, viruses, or parasites. According to the
United Nations, more than 20% of diarrheal cases could be pre-
vented by introducing effective interventions to increase water
quality at the distribution sources or point-of-use interventions
within households (4). It is desirable that point-of-use treatments
be low cost, easy to apply, and sustainable. Among other strategies,
such as boiling, chlorination, and filtration, solar disinfection
(SODIS) has been used in recent decades as a very cheap, clean,
and simple method for improving the microbial quality of drink-
ing water in many developing countries (5, 6).

SODIS is a simple treatment strategy that harnesses the anti-
microbial effects of sunlight. Specifically, transparent containers,
typically bottles made of polyethylene terephthalate (PET), are
filled with water and are then exposed to sunlight for one full day
(6 h of sunshine, including midday hours), or for two consecutive
days under cloudy conditions (5). Additional interventions may
be implemented to enhance the efficiency of the overall process.
For instance, turbid water may be filtered prior to solar exposure,
or bottles may be placed on a refracting surface (such as alumi-
num, or a roof made with corrugated iron sheets) (5, 7, 8). In
addition to disinfecting the water, SODIS has the benefit of elim-
inating the need for a separate, potentially contaminated storage
container.

Generally, microorganisms can be inactivated by sunlight
through two processes: direct and indirect photoinactivation. In
direct inactivation, light in the solar UVB range (290 to 320 nm) is
absorbed by DNA or RNA genomes, causing the formation of
various photoproducts that may block the replication of the dam-
aged microorganisms (9, 10). However, transparent PET contain-
ers do not transmit light in the UVB region (Fig. 1), eliminating

the possibility of a contribution of direct inactivation to SODIS. In
contrast, indirect photoinactivation can also be triggered by light
in the UVA and visible ranges (�320 nm), which can penetrate
PET bottles to a greater extent. Indirect inactivation is initiated by
the light excitation of chromophores. Excited chromophores can
then react with solution constituents, mainly dissolved oxygen, to
form reactive (oxygen) species (RS). RS, as well as the excited
chromophores themselves, can inactivate microorganisms by ox-
idizing vital constituents necessary for microbial infectivity. Gen-
erally, bacteria contain endogenous chromophores which, upon
irradiance by light, act as sensitizers for the formation of RS. RS are
therefore produced in the immediate vicinity of vital bacterial
constituents, and thus, indirect endogenous inactivation is often
very efficient against bacteria. In contrast, enteric viruses simply
consist of a genome and a protein capsid and rarely contain en-
dogenous chromophores capable of absorbing light in the UVA/
visible range. Instead, indirect photoinactivation of viruses can
depend entirely on the presence of an exogenous sensitizer in the
water (11). For example, organic matter (OM), nitrate, nitrite,
and iron-containing solution constituents can absorb light and
produce RS such as superoxide (O2

�), hydrogen peroxide (H2O2),
singlet oxygen (1O2), and the hydroxyl radical (OH·).

SODIS has proven to be efficient at inactivating a wide range of
bacteria under laboratory and field conditions and, more impor-
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tantly, at reducing the number of diarrhea cases in field surveys
(5). However, studies on the inactivation of enteric viruses by
SODIS are scarce, and even fewer studies have been conducted in
PET bottles, simulating actual SODIS conditions (7, 12). The
available data are further complicated by the facts that (i) stan-
dardized experimental procedures for the study of SODIS are
lacking and (ii) the solution conditions promoting virus inactiva-
tion by SODIS are mostly unknown and hence are not reported.
Reports published by different laboratories are therefore only
poorly comparable. Nevertheless, previous publications support
the notion that SODIS is less efficient for viruses than for bacteria
(8, 12–14).

The aims of this study were to characterize the efficacy of
SODIS for the inactivation of viruses in drinking water under
different simulated field conditions by using PET bottles and to
evaluate the influence of viral and environmental factors on the
success of the treatment. For this purpose, we conducted our ex-
periments in drinking water of diverse compositions collected
from Chennai, India, and Lausanne, Switzerland, and at increas-
ing temperatures (15, 22, 26, and 40°C) under simulated sunlight.
Specifically, we studied the efficacy of SODIS against two com-
monly used surrogates of human viruses (phages MS2 and
�X174) and two human viruses (human adenoviruses and echo-
viruses) with different structural and genetic characteristics.
Overall, the outcomes of this work enhance our understanding of
the efficacy of SODIS for virally contaminated water.

MATERIALS AND METHODS
Virus preparation and enumeration. Phage MS2 (DSMZ 3767) and
�X174 (ATCC 13706-B1) stocks were propagated and purified as de-
scribed previously (15). For both phages, the concentration of the
stocks obtained was around 1 � 1013 PFU/ml, and the suspensions
were kept in phosphate-buffered saline (PBS) (5 mM phosphate, 10
mM NaCl [pH 7.5]) at 4°C until use. The phages in the suspensions
were enumerated during the experiments using the double-layer agar
method, as described previously (15). Human adenovirus type 2
(HAdV) stocks (NCPV 00213; kindly provided by Rosina Girones,
University of Barcelona) were produced by infecting A549 cells. The
cells were grown at 37°C under 5% CO2 with high-glucose Dulbecco’s
modified Eagle medium (DMEM) (Gibco, Frederick, MD) supple-
mented with 1% penicillin-streptomycin (Gibco, Frederick, MD) per
ml and 10% (growth medium) or 2% (maintenance medium) heat-
inactivated fetal bovine serum (FBS) (Gibco, Frederick, MD). Human
echovirus 11 (EV) stocks (Gregory strain; ATCC VR737) were pro-

duced by infecting BGM cells (kindly provided by Rosina Girones,
University of Barcelona). BGM cells were also cultivated at 37°C under
5% CO2 with modified Eagle medium (MEM) (Gibco, Frederick, MD)
supplemented with 1% penicillin-streptomycin per ml and 10%
(growth medium) or 2% (maintenance medium) heat-inactivated
FBS. HAdV and EV were released from infected cells by freezing and
thawing the culturing flasks 3 times. A centrifugation step at 3,500 � g
for 5 min was applied to eliminate cell debris. The supernatant ob-
tained was membrane filtered (pore size, 0.22 �m; Millipore), and the
viruses were washed three times with PBS and were concentrated with
15-ml Amicon Ultra centrifugal filter units (nominal molecular weight
limit, 100,000 Da). To quantify these viruses, a most probable number
(MPN) assay was used. Briefly, A549 or BGM cells were grown to 95%
confluence in flat-bottom 96-well plates (Greiner Cellstar; Sigma-Al-
drich). Then HAdV or EV samples were diluted over a 10-fold dilution
series in DMEM or MEM, respectively, supplemented with 2% FBS.
The medium in each well was discarded and was replaced with 150 �l
of the diluted sample. Infected plates were then incubated for 7 or 5
days, respectively, and the presence of a cytopathic effect was observed
by inverted microscopy in order to differentiate between infected
(positive) and noninfected (negative) wells. HAdV and EV concentra-
tions were then determined as the most probable number of cytopathic
units (MPNCU) per milliliter by using an MPN table. The stocks ob-
tained (~108 MPNCU/ml) were stored at 4°C until use.

Water collection, storage, and analysis. In order to characterize the
influence of water composition on virus inactivation by SODIS, three
different water matrices were tested. One was collected from a tap at the
EPFL (Lausanne, Switzerland), stirred overnight in an open beaker to
volatilize any remaining chlorine, and kept at 4°C over the course of the
experiments. Swiss tap water (STW) obtained on different days led to
slight differences in the experimental results. Each self-contained set of
experiments was therefore conducted in a single batch of water. The other
two water matrices were collected in India and were kindly provided by
the Sandec team from EAWAG (Dübendorf, Switzerland). One was
groundwater, and the other was tap water, collected in the city of Chennai.
All Indian water samples were frozen at �20°C until use, although 0.5 liter
of each sample was kept at 4°C for immediate experiments.

For each type of water, the total organic carbon (TOC) and inorganic
carbon (IC) contents were determined using a Shimadzu TOC-VCPH an-
alyzer. Iron and copper cations were analyzed with a PerkinElmer induc-
tively coupled plasma mass spectrometry (ICP-MS) Elan DRC II device.
Anion (chloride, nitrite, bromide, nitrate, phosphate, and sulfate) con-
centrations were determined using a Dionex ICS 3000 ion chromato-
graph. In addition, all water types were checked for free chlorine residuals
using the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method
(16). In all water samples, the concentration of free chlorine was below the
detection limit (�0.5 mg/liter). The absorption spectra of the three types
of water were measured with a UV-visible (UV-Vis) spectrophotometer
(UV-2550; Shimadzu). All types of water absorbed little light above 320
nm (see Fig. S1 in the supplemental material), such that light shielding by
the water matrix in our experimental setup was negligible (�5%).

SODIS inactivation experiments. SODIS experiments were con-
ducted using a solar simulator (Sun 2000; Abet Technologies) equipped
with a 1,000-W xenon lamp, an Air Mass (AM) 1.5 filter, and a 2-mm-
thick atmospheric edge (AE) filter to mimic the solar radiation spectrum.
The fluence rate below the simulator was measured with a spectroradiom-
eter (ILT 900-R; International Light Technologies, Peabody, MA). The
average fluence rate, computed for the wavelength range from 280 to 800
nm, was 249 � 14 W/m2, resulting in fluences of 0.53 kJ/cm2 and 2.1
kJ/cm2 after 6 and 24 h of irradiation, respectively. Two different reactor
setups were tested and compared (see Fig. S2 in the supplemental mate-
rial): specifically, SODIS experiments were conducted either in a PET
bottle (0.5 liter) filled with 500 ml of a water sample or in an open glass
beaker (30 ml) filled with 20 ml of a water sample and placed inside an
empty PET bottle (0.5 liter). The absorbance of the PET bottle was mea-

FIG 1 Absorbance of the 0.5-liter PET bottles used in this study over a wave-
length range from 280 to 800 nm.
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sured with a UV-Vis spectrophotometer (UV-2550; Shimadzu). The UVB
radiation (�320 nm) emitted by the solar simulator was mostly removed
due to the PET bottle absorbance (Fig. 1). The rest of the sunlight spec-
trum was only slightly affected.

The reactors were spiked with the viruses studied in order to establish
initial virus concentrations of 104 to 109 PFU/ml for MS2, 105 to 107

PFU/ml for �X174, 106 MPNCU/ml for HAdV, or 105 MPNCU/ml for
EV. MS2 was present in all experiments as a process control. Its inactiva-
tion kinetics were used to confirm that the presence of other viruses did
not significantly alter the light spectrum and hence the SODIS inactiva-
tion potential. The containers were placed under the solar simulator and
were stirred continuously with a magnetic stirrer at 150 rpm to ensure
good mixing. The containers were kept at a constant temperature (22°C,
unless specified otherwise) by using a water cooler (Julabo). In each ex-
periment, 150-�l samples were taken approximately every 2 h during light
exposure, diluted in 450 �l of PBS, and then stored at 4°C before enumer-
ation on the same day.

Experiments were also performed in PBS to quantify the extent of
direct photoinactivation of MS2 during SODIS in PET bottles. Further-
more, experiments without stirring were also conducted in order to study
the need for, or interference of, stirring. Finally, dark controls were ex-
posed to the same conditions as the irradiated samples but were shielded
from light by wrapping aluminum foil around the glass beakers.

To confirm that the experiments conducted under our solar simulator
adequately represented natural conditions, control experiments were
conducted under natural sunlight. PET bottles (0.5 liter) were filled with
Swiss tap water, and the water was spiked with MS2 to an initial virus
concentration of 6 � 106 PFU/ml. The bottle was placed at a 30° angle and
was always oriented toward the sun for 6 h (from 10:30 a.m. to 4:30 p.m.)

on a clear day in May 2013 in Lausanne, Switzerland. The fluence rate at
the PET bottle surface and the temperature inside the bottle were mea-
sured every hour. The total fluence after 6 h of irradiation, computed for
the wavelength range from 280 to 800 nm, corresponded to 1.34 kJ/cm2

(Fig. 2). The temperature fluctuated between 18 and 32°C throughout the
experiment. Samples (150 �l diluted in 450 �l PBS) were withdrawn every
hour and were stored at 4°C before enumeration on the same day. A dark
control was conducted in an open beaker wrapped in aluminum foil over
the same period. The number of experimental replicates conducted for
each assay is specified in the figure legends.

Data analysis. Virus inactivation was analyzed by fitting the data ob-
tained to a first-order decay model as follows:

C � C0 · e�kvirus·t � C0 · e��virus·F (1)

where C0 is the initial infective virus concentration, C is the remaining
infective virus concentration after irradiation time t (in hours), and kvirus

is the time-based first-order inactivation rate constant (per hour). The
remaining virus concentration C can also be expressed as function of the
fluence F (in kilojoules per square centimeter) received at the surface of
the PET bottle; here, 	virus (in square centimeters per kilojoule) is the
fluence-based inactivation rate constant. Note that in equation 1 and
throughout this article, “virus” refers to MS2, �X174, HAdV, or EV.

Furthermore, to account for SODIS-independent inactivation, we
quantified the first-order inactivation rate constants in the dark con-
trols (kdark, virus). The light-specific contribution to SODIS (klight, virus or
	light, virus) could then be determined by subtracting the dark contribu-
tion from the total inactivation rate constant (kvirus or 	virus).

The inactivation rate constants and the corresponding 95% confi-
dence intervals were determined using Prism (version 5.0, 2007; Graph-

FIG 2 Fluence rates between 200 and 800 nm (A and C) or between 280 and 400 nm (B and D) outside (black lines) or inside (red lines) the PET bottles used in
this study under natural sunlight (A and B) as measured on 27 March 2013 at 2:30 p.m. in Lausanne, Switzerland (46°52=N, 6°57=E), or under the solar simulator
(C and D). The internal fluence rate (red lines) was determined by correcting the outside fluence rate (black lines) by the absorbance of the PET bottle (Fig. 1).
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Pad Software). The observed inactivation rate constants were compared
by analysis of covariance (ANCOVA) in Prism.

RESULTS AND DISCUSSION
Development of an experimental setup for the study of SODIS.
(i) Comparison of MS2 inactivation under natural and simu-
lated sunlight. In order to ensure that our simulated sunlight was
representative of the inactivation occurring outdoors, simultane-
ous experiments were conducted under natural sunlight and un-
der the solar simulator. Specifically, a 0.5-liter PET bottle was
filled with Swiss tap water spiked with MS2 and was exposed either
to natural sunlight or to the solar simulator. During equivalent
exposure times, the extent of MS2 inactivation was higher in the
PET bottle exposed to natural sunlight (5-log inactivation in 6 h)
than in the bottles exposed to simulated sunlight (2-log inactiva-
tion in 6 h). This could be attributed to the greater fluence rate of
natural sunlight in Lausanne at the time of the experiment (on
average, 650 W/m2) than of the solar simulator (249 � 14 W/m2)
(Fig. 2). Accordingly, when determined as a function of fluence
rather than exposure time, the MS2 inactivation rate constants
were statistically equivalent (	MS2 
 5.95 � 1.24 cm2/kJ under the
simulator and 6.57 � 2.84 cm2/kJ under natural sunlight [P 

0.33]). These results suggest that the solar simulator is a good tool
with which to represent inactivation under natural sunlight, de-
spite the differences in the solar spectrum (Fig. 2) and the temper-
ature regimen (a constant 22°C under the simulator; fluctuation
between 18 and 32°C under natural conditions).

Such differences between time-based and fluence-based data
analysis in SODIS experiments highlight the need to report inac-
tivation rate constants in SODIS experiments in terms of the flu-
ence received by the samples rather than in terms of the duration
of sunlight exposure. A fluence-based analysis also facilitates the
comparison of SODIS results obtained in different laboratories
under different experimental or field conditions. Finally, since the
fluence of sunlight varies with latitude, the geographic position
where SODIS is applied will influence the exposure time needed to
reach a certain extent of inactivation but not the inherent sensi-
tivity of the virus to inactivation.

(ii) Comparison of MS2 inactivation by sunlight in PET bot-
tles and in glass beakers. The use of an actual PET bottle during
SODIS experiments is key for adequate representation of
SODIS in the field, since PET absorbs light in the UVB range
(Fig. 1) and hence blocks the most efficient wavelength con-
tributing to the photoinactivation of pathogens. However, the
use of PET bottles involves conducting laboratory experiments
in large volumes of water (at least 500 ml for each experimental
condition) and thus requires the preparation and handling of
large quantities of viruses as well. To date, therefore, only a few
investigators have conducted SODIS experiments using PET
bottles such as those typically used in the field (7, 12). To cir-
cumvent the need for large volumes, we compared the inacti-
vation of MS2 in 0.5-liter PET bottles with that in 20-ml glass
beakers placed inside 0.5-liter PET bottles exposed to our solar
simulator. During equivalent exposure times, MS2 inactivation
in PET bottles (	MS2 
 6.40 � 2.13 cm2/kJ) was equivalent to
that in glass beakers placed inside PET bottles (	MS2 
 6.45 �
1.24 cm2/kJ) (P 
 0.94). Thus, further assays were conducted
using 20-ml glass beakers placed inside 0.5-liter PET bottles.

(iii) Influence of stirring on MS2 inactivation by SODIS. We
conducted additional experiments under the solar simulator in

order to further identify potential deviations of our setup from
field conditions. While in SODIS applications, water in PET bot-
tles is rarely stirred or mixed when the bottles are exposed to
sunlight, in the experimental setup used here, the water was con-
tinuously stirred by means of a magnetic stir bar. Therefore, we
conducted an experiment to compare the inactivation of MS2 in a
stirred and a nonstirred PET bottle. The inactivation rate con-
stants obtained were statistically equivalent in this experiment
(	MS2 
 9.23 � 2.23 cm2/kJ in the stirred bottle and 8.91 � 1.47
cm2/kJ in the unstirred bottle [P 
 0.63]). These results indicate
that stirring had no influence on MS2 inactivation in our SODIS
experiments. Hence, to ensure good homogeneity of the virus
concentration in the beakers and PET bottles, our experiments
were always conducted under magnetic stirring.

(iv) Influence of initial MS2 concentrations on SODIS. The
virus concentrations used in this study were higher than those
typically encountered in the field, in order to allow the monitoring
of virus inactivation over several orders of magnitude. To ensure
that the high concentrations applied did not cause any experimen-
tal artifacts, we investigated the effects of different initial virus
concentrations on virus inactivation kinetics. Specifically, a high
initial virus concentration may be accompanied by high concen-
trations of cell culture impurities, which may influence the steady-
state concentration of RS and hence the extent of inactivation.
This issue became particularly apparent when a nonpurified MS2
virus stock was used for preliminary SODIS experiments con-
ducted in our laboratory. This virus stock led to 3-fold-slower
inactivation of MS2 than that in a purified stock with the same
virus concentration (P � 0.001) (see Fig. S3 in the supplemental
material). However, the inactivation rate constants obtained in
experiments with different MS2 starting concentrations (5 � 105,
5 � 107, and 5 � 109 PFU/ml) were statistically equivalent (P 

0.86). These results indicate that within the range of conditions
tested, the initial virus concentration did not influence the inacti-
vation rate constants observed during SODIS (see Fig. S3). Thus,
all subsequent assays were conducted using initial virus concen-
trations of 5 � 107 PFU/ml or MPNCU/ml or less.

Efficacy of SODIS against RNA and DNA viruses. In order to
characterize the efficacies of SODIS against different viruses, ex-
periments with either an RNA virus (MS2 and EV) or a DNA virus
(bacteriophage �X174 and HAdV) were conducted in Swiss tap
water at 22°C. The inactivation curves obtained, along with the
results for dark controls, are shown in Fig. 3. The corresponding
rate constants are compiled in Table S1 in the supplemental ma-
terial. In addition to discussing the observed inactivation trends,
we specifically report the viral inactivation results obtained at a
fluence of 1.34 kJ/cm2. This fluence corresponds to the SODIS-
recommended 6 h of sunlight exposure on a sunny day in May in
Lausanne, Switzerland (Fig. 2A).

(i) SODIS against bacteriophage MS2. We extensively charac-
terized MS2 inactivation by SODIS in the absence of other viruses.
Based on the data shown in Fig. 3A, a total decay of �6 log units
can be extrapolated for a fluence of 1.34 kJ/cm2 (	MS2 
 11.91 �
0.32 cm2/kJ). In the dark controls, only 2-log inactivation was
observed after an equivalent exposure time. Previous work has
shown that MS2 bacteriophages are readily inactivated by reactive
species (17, 18). Here, since PET bottles block most UVB radia-
tion, we expect that MS2 inactivation is due strictly to indirect
photoinactivation mediated by sensitizers present in the water. In
a previous study conducted with tap water in PET bottles, Harding
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and Schwab reported MS2 inactivation of 1.4 log units after 2.5 h
of exposure to natural sunlight (7). Unfortunately, the actual flu-
ence rate in these experiments was not recorded, and thus, these
results are not directly comparable to ours. However, the solar
simulator used here produces a lower fluence rate than natural
sunlight (Fig. 2). We can therefore conclude that the Swiss tap
water used in our experiments was more photoreactive than the
water matrix used by Harding and Schwab, resulting in similar
inactivation rates despite the lower fluence rate.

(ii) SODIS against bacteriophage �X174. In contrast to the
MS2 results, no �X174 inactivation was observed after exposure
to a fluence of 1.34 kJ/cm2 (Fig. 3B). The inactivation rate constant
for �X174 (	�X174 
 0.25 � 0.11 cm2/kJ) did not differ statisti-
cally from zero (P 
 0.32) and was equivalent to the inactivation
rate constant observed in dark experiments (P 
 0.26). These
results are consistent with previous work demonstrating that
�X174 is more resistant to oxidation by RS than MS2 (18). The
unfortunate implication of this result is that solar disinfection in
containers that cut off UVB, such as PET bottles, may not be
sufficient to inactivate viruses that are relatively resistant against
oxidants, as is �X174.

(iii) SODIS against human adenoviruses. HAdVs are large
double-stranded DNA pathogens (Table 1) that cause a wide va-
riety of infections and are widely prevalent in the environment
(19–21). They have been suggested to be indicators of human fecal
contamination and have been included in many disinfection stud-

ies as a process control (22–27). From our data, �3-log inactiva-
tion would occur at a fluence of 1.34 kJ/cm2 (	HAdV 
 4.58 � 0.26
cm2/kJ) (Fig. 3C). Interestingly, the inactivation rate constant for
HAdV observed in the dark controls was similar to that observed
under simulated sunlight (P 
 0.064). This indicates that expo-
sure to light did not contribute significantly to the observed inac-
tivation of HAdV during SODIS. A similar result was obtained
by Silverman et al., who observed equivalent inactivation rate
constants for HAdV in water from the Tijuana River estuary

FIG 3 Inactivation kinetics of bacteriophages MS2 (A) and �X174 (B) and human viruses HAdV (C) and EV (D). The experiments were conducted in Swiss tap
water at 22°C in 0.5-liter PET bottles that were either kept in the dark or exposed to SODIS. Exposure time is shown along the lower x axis, whereas the equivalent
fluence for light-exposed bottles is shown along the upper x axis. MS2 results were obtained from six different experimental replicates. The results for the other
viruses were obtained from two different experimental replicates and in the presence of MS2 as a process control. The vertical line in each panel marks the fluence
of 1.34 kJ/cm2.

TABLE 1 Main properties of the viruses studied

Virus Host
Virion size
(nm) Genome type

Genome
size (nt)

Capsid
thickness
(Å)a

MS2 E. coli 27 Single-stranded
RNA

3,569 39

�X174 E. coli 27 Single-stranded
DNA

5,386 75

Echovirus 11 Human 24–30 Single-stranded
RNA

7,438 63

Human
adenovirus
2

Human 90–100, with
spikes

Double-stranded
DNA

35,937 102

a The capsid thickness of each virus was calculated using outer and inner measures of
particle radius available at VIPERdb (http://viperdb.scripps.edu/).
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exposed to simulated sunlight with a cutoff in the UVB region
and the same water kept in the dark (kHAdV 
 0.11 � 0.03 h�1;
kdark, HAdV 
 0.087 � 0.075 h�1) (28). Remarkably, HAdVs and
MS2 have been shown to be similarly susceptible to RS (17). The
negligible importance of photoinactivation to the overall HAdV
inactivation was therefore unexpected. A possible explanation lies
in the magnitude of light-independent processes of HAdV inacti-
vation in this study, as well as in the study by Silverman et al. In the
tap water used here, HAdV exhibited the most rapid inactivation
in the dark of all the viruses studied (Fig. 3A to D). It thus appears
that the light-independent inactivation of HAdV masks the effects
of direct or indirect photoinactivation in our experimental sys-
tem. In contrast, in previous work by our group using a different
batch of Swiss tap water than the one tested herein, we observed a
very low rate of dark inactivation and consequently a measurable
effect of simulated sunlight on HAdV inactivation in a PET bottle
(25). Similarly, Carratalà et al. observed a 2-log decay of HAdV in
mineral water exposed to UVA and visible light for 24 h, while
inactivation in the dark was negligible (23). Combined, these data
suggest that HAdV inactivation can be strongly influenced by the
experimental system used, and the resulting data should be inter-
preted accordingly.

(iv) SODIS against human echoviruses. Echoviruses are sin-
gle-stranded RNA enteroviruses belonging to the family Picorna-
viridae (Table 1). Enteroviruses are widely prevalent in the envi-
ronment and cause a wide range of infections, from mild diarrhea
to meningitis (29, 30). As shown in Fig. 3D, EV was sensitive to
SODIS. In contrast to dark controls, where no significant inacti-
vation was observed (P 
 0.098), �1.5-log inactivation was
achieved under SODIS at a fluence of 1.34 kJ/cm2 (	EV 
 2.11 �
0.15 cm2/kJ). Silverman et al. investigated the inactivation of po-
liovirus (PV), a structurally similar enterovirus, in various coastal
waters containing natural photosensitizers (28). Those authors
observed different inactivation rate constants for each water ma-
trix investigated; the highest inactivation observed was 0.4 log unit
for 6 h of exposure to a solar simulator with a UVB-blocking filter
and a fluence rate of 187 W/m2 (kPV 
 0.16 � 0.01 h�1; 	PV 

2.38 � 0.15 cm2/kJ). This fluence-based inactivation rate constant
is similar to that observed in our experiments with EV. It should
also be noted, however, that the fluences in the two studies were
computed for slightly different wavelength ranges, which may in
part explain the differing inactivation rates for these two entero-
viruses.

(v) Virus properties governing SODIS susceptibility. Minor
differences in structure and genetic composition are known to
influence virus inactivation by different disinfectants (17, 31).
Here the observed susceptibility to RS was greatest for MS2, inter-
mediate for EV, and lowest for HAdV and �X174 (with approxi-
mately similar susceptibilities). While further research is required
to identify the specific structural determinants of virus inactiva-
tion and resistance to RS, our results indicate that the single-
stranded RNA viruses studied are more susceptible to oxidants
than the DNA viruses. Notably, genome type is related to virus
capsid thickness and genome package density, and these physical
parameters have been reported previously to account for differ-
ences in virus mortality (32, 33). Due to their electrostatic inter-
actions, DNA genomes are contained within virus capsids at
higher pressures than single-stranded RNA genomes; therefore,
DNA viruses generally have thicker capsids. It is conceivable that
thicker capsids could protect virus genomes against oxidants by

reducing the access and penetration of exogenous sensitizers and
RS into the virion. As shown in Table 1, the capsids of MS2 and EV
(39 and 63 Å, respectively) are thinner than those of �X174 and
HAdV (75 and 102 Å, respectively) (34). Thus, our results are
consistent with the hypothesis that viruses with thicker capsids
may be less susceptible to oxidation by RS during SODIS. This
hypothesis is supported by other work on the solar disinfection of
rotaviruses (35). Rotaviruses are important enteric pathogens
with a double-stranded RNA genome and a structure consisting of
three complex concentric capsids that confers a capsid thickness
of 390 Å (34). Only minor inactivation (a �1-log reduction over
12 h) of rotavirus was observed upon exposure to UVA and visible
light, in agreement with the notion that thick capsids protect vi-
ruses from RS.

An additional explanation for the higher susceptibility of sin-
gle-stranded RNA viruses than DNA viruses to RS is the fact that
double-stranded DNA viruses, such as human adenoviruses, may
employ their host replication machinery to repair genome damage
(10). However, repair of DNA viruses within their hosts does not
protect against potential protein damage caused by the RS gener-
ated during SODIS.

Effect of the water matrix on the efficacy of SODIS against
MS2. To demonstrate the drastic effects of the water matrix on
SODIS efficiency, virus inactivation in three different types of wa-
ter matrices, and in PBS, were compared. PBS does not contain
sensitizers, so no indirect exogenous inactivation could occur.
Furthermore, because the experiments were conducted in UVB-
blocking PET bottles, direct inactivation of MS2 was also pre-
vented. The only possible inactivation mechanism was therefore
indirect endogenous inactivation initiated by light in the UVA/
visible range. However, no significant MS2 inactivation was ob-
served in PBS (Fig. 4), confirming the assumption stated in the
introduction that indirect endogenous inactivation does not con-
tribute to MS2 inactivation in PET bottles. From this PBS exper-
iment, we can thus deduce that neither direct nor indirect endog-
enous inactivation of MS2 occurs in PET bottles. If MS2
inactivation by SODIS is nevertheless observed, it must be due to
exogenous inactivation induced by sensitizers present in the ma-
trix.

Waters from different sources contain different amounts and
types of exogenous sensitizers. As a result, different photoreactivi-

FIG 4 Effect of water composition on MS2 inactivation rate constants in
SODIS experiments. Triplicate experiments were conducted in beakers filled
with Swiss tap water (STW), Indian groundwater (IGW), or Indian tap water
(ITW). PBS results were obtained in a single experimental replicate. All exper-
iments were conducted by placing the beakers inside 0.5-liter PET bottles and
exposing them to the solar simulator at 22°C. Error bars represent standard
deviations.
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ties and hence different SODIS efficiencies can be expected for
different water matrices. Among the three different water matrices
tested, MS2 inactivation was most efficient in Swiss tap water. The
inactivation rate constant in STW (	MS2 
 11.45 � 2.45 cm2/kJ)
was significantly greater (P � 0.0001) than those in the two water
types from India: 3.01 � 0.26 cm2/kJ in Indian groundwater
(IGW) and 0.98 � 0.72 cm2/kJ in Indian tap water (ITW) (Fig. 4).
At a fluence of 1.34 kJ/cm2, 6.7-log, 1.8-log, and 0.6-log reductions
in infective virus concentrations were observed in STW, IGW, and
ITW, respectively. In comparison, SODIS data obtained in PET
bottles by Fisher and colleagues showed 3-log inactivation of MS2
in 33 h, which corresponded to a fluence of 8 kJ/cm2 in their
experimental setup (12). They thus observed an inactivation rate
constant of 1.35 cm2/kJ for MS2 in wastewater diluted in PBS (40
ml wastewater to 800 ml PBS), which is similar to the rate con-
stants observed in the two Indian waters tested here.

To identify the solution components that determine the effi-
ciency of a water matrix for SODIS of viruses, the compositions of
the three water matrices used in this study were characterized
(Table 2). In both waters from India, the total organic carbon
(TOC) content was higher than that in the water from Switzer-
land. TOC is a measure of the organic matter (OM) present in the
water. OM is an important material that leads to the formation of
RS, but it can simultaneously consume such species. Therefore,
the lower inactivation rate constants observed for Indian waters
may be due to their higher content of OM, which may consume a
large proportion of RS in the water. Nitrate can also be a source of
hydroxyl radicals when excited by UVB radiation. However, since
PET bottles block short-wavelength radiation, this process does
not occur, or occurs only minimally, during SODIS. Therefore,
the higher nitrate concentration in the ITW did not translate into
faster inactivation of MS2 in our experiments.

Both STW and IGW had high levels of iron, whereas the iron
content in ITW was below the detection limit (�1 �g/liter). Iron
can produce hydroxyl radicals by the decomposition of hydrogen
peroxide (formed during the irradiation of OM) and thereby con-

tribute to virus inactivation (36). Hence, in STW and IGW, iron
could be a good source of hydroxyl radicals. Since hydroxyl radi-
cals are quickly consumed by OM, the higher content of OM in
IGW than in STW could result in lower steady-state concentra-
tions of hydroxyl radicals in IGW. This could explain the faster
inactivation in STW than in IGW. This hypothesis, however, is
based only on chemical analysis of the waters and needs further
investigation.

Effect of temperature on the efficacy of SODIS against MS2.
During SODIS, the water temperature in the PET bottle can vary
as a function of air temperature and solar irradiance. Temperature
changes have been shown previously to affect the exogenous pho-
toinactivation of viruses (35). We therefore evaluated the inacti-
vation of MS2 in Swiss tap water at four different temperatures
(15°C, 22°C, 26°C, and 40°C), which span the range of air temper-
atures most commonly encountered in field applications of
SODIS worldwide. As anticipated, inactivation increased with
temperature, resulting in inactivation rate constants of 5.00 �
2.75 cm2/kJ at 15°C, 7.41 � 1.44 cm2/kJ at 22°C, 15.46 � 1.99
cm2/kJ at 27°C, and 39.87 � 0.007 cm2/kJ at 40°C (Fig. 5). After an
exposure time of 15 h under the solar simulator, equivalent to a
fluence of 1.34 kJ/cm2, this would lead to �3-, 4-, 9-, and 23-log
inactivation at 15, 22, 26, and 40°C, respectively. These results
indicate that temperature plays an important synergistic role dur-
ing SODIS and may be a key factor to consider for efficient treat-
ment of drinking water to inactivate viral pathogens.

In any water matrix, the temperature dependence of the inac-
tivation of a virus can be described by the Arrhenius relationship:

�virus � A · e�Ea ⁄(R·T) (2)

where 	virus is the virus inactivation rate constant (in square cen-
timeters per kilojoule), A is a preexponential factor (in square
centimeters per kilojoule), Ea is the activation energy (in joules per
mole), R is the universal gas constant (in joules per kelvin per
mole), and T is the absolute temperature (in kelvins). Once such a
relationship is established for a given virus and matrix, it allows
one to determine the expected level of inactivation at any temper-
ature within the tested range. From the Arrhenius plot established
for MS2 and Swiss tap water (see Fig. S4 in the supplemental
material), the activation energy (Ea) of the overall processes lead-
ing to inactivation in our experiments was 64,313 J/mol, and the
preexponential factor A was 2.18 � 1012 cm2/kJ. These values do
not reflect actual physical-chemical parameters associated with
specific reactions, since the underlying mechanisms are not fully
understood at a molecular level. Nevertheless, this information
can be used to estimate the inactivation rate constant of MS2 in the
water matrix used at a given temperature below 40°C. At higher
temperatures, thermal inactivation becomes dominant over inac-
tivation by RS. This observation becomes evident in this study
from the results obtained at 40°C, where similar levels of MS2
inactivation were observed in the dark and under the solar simu-
lator. Since our Arrhenius plot is based on data measured at tem-
peratures of �40°C, at which indirect exogenous inactivation ex-
ceeds the effect of thermal inactivation, at temperatures above
40°C such predictions may represent a “worst-case” scenario, with
inactivation rate constants obtained by considering only oxida-
tion and not thermal inactivation of pathogens. Overall, we expect
that SODIS treatments in PET bottles are most efficient in geo-
graphical locations where both the temperatures and the fluence
rates are high.

TABLE 2 Anion concentrations, total organic carbon, inorganic carbon,
and total iron and copper contents of the different waters used in this
study

Compound
(unit of
measurement)a

Concn in:

Swiss tap water
Indian
groundwater

Indian tap
water

Fe (�g/liter) 99.6 77.8 Below detection
limit

Cu (�g/liter) 7.7 4.8 7.3
NO3

� (mg/liter) 3.3 4.6 52.1
SO4

2� (mg/liter) 44.0 53.3 91.3
Cl� (mg/liter) 10.7 92.9 81.1
Br� (mg/liter) Below detection

limit
0.1 0.1

NO2
� (mg/liter) Below detection

limit
Below detection

limit
Below detection

limit
PO4

3� (mg/liter) Below detection
limit

Below detection
limit

Below detection
limit

TOC (mg/liter) 1.8 8.4 4.7
IC (mg/liter) 33.3 56.4
a TOC, total organic carbon; IC, inorganic carbon. The detection limit was 1 �g/liter
for iron and copper, 0.4 mg/liter for nitrate, 0.8 mg/liter for sulfate and chloride, 0.1
mg/liter for bromide, and 0.2 mg/liter for nitrite and phosphate.
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Implications for the use of SODIS to inactivate viruses. De-
spite the significant contribution of viruses to the global burden of
enteric infections in both developing and industrialized countries,
efforts to ensure their inactivation by drinking water treatment are
generally scarce. Previous work has shown that at a household
level, SODIS is an effective, low-cost method for inactivating bac-
teria in drinking water. However, its effectiveness against viruses
has not been investigated extensively. In this work, �6-log inac-
tivation was observed for MS2 at 22°C in photoreactive Swiss
drinking water receiving a sunlight fluence of 1.34 kJ/cm2 (corre-
sponding to 6 h of sunlight exposure in Switzerland). In compar-
ison, Berney et al. (37) observed 6-log inactivation of Escherichia
coli at a fluence of only 0.24 kJ/cm2. Hence, as expected, MS2 is
much more resistant to SODIS than E. coli. This comparison high-
lights the challenge associated with virus inactivation during
SODIS, particularly since MS2 is relatively labile compared to the
other viruses investigated here, due to its high sensitivity to RS
(17). Given that virus decay during SODIS in PET bottles is caused
by indirect exogenous photoinactivation, it can be expected that
virus susceptibility to oxidation by RS is an important determi-
nant for the success of SODIS against viral pathogens.

Recent WHO guidelines for evaluating the efficacy of house-
hold water treatments are based on the levels of inactivation
achieved for certain reference pathogens, particularly Campylo-
bacter jejuni, Cryptosporidium spp., and rotavirus, or nonpatho-
genic indicators, such as MS2 or �X174 (38). For virus inactiva-
tion, the treatment is classified as “highly protective” if �5-log
inactivation is achieved for MS2 and �X174, or as “protective” if
�3-log inactivation is achieved for both viruses under the condi-
tions specified in the testing protocol (39). At a fluence of 1.34

kJ/cm2 in Swiss tap water at 22°C, we observed �6-log decay of
MS2 and negligible inactivation of �X174. In the other water ma-
trices tested, lower levels of inactivation were achieved. While
these results were not obtained according to the WHO test proto-
col and thus cannot be strictly rated according to the WHO clas-
sification, the resistance of �X174 to SODIS makes it unlikely that
SODIS can be classified as “protective” or even “highly protec-
tive.” The use of UVB-transmitting containers instead of PET bot-
tles may provide great benefits for virus inactivation by SODIS,
since this would allow direct photoinactivation of viral pathogens
that are resistant to RS (12). For RS-susceptible viruses (such as
enteroviruses) and for photoreactive matrices, however, SODIS
could be an effective treatment technology, particularly given the
synergistic action between water temperature and exogenous
photoinactivation. In most developing countries, where SODIS is
generally implemented, temperatures are much higher than in
Switzerland, and the fluence rates in the exposed water bottles are
often higher as well. We therefore expect that the effectiveness of
SODIS against RS-susceptible viruses in these countries will be
considerably higher than that observed in the present study.

Finally, an important factor that should be taken into consid-
eration in implementing SODIS in the field is the chemical com-
position of the water used. From our results, the efficiency of
SODIS inactivation of viruses can vary greatly as a function of
water characteristics. Iron, an element often found in water, has
been suggested as a potentially important water constituent that
could be responsible for the formation of reactive oxygen species,
such as hydroxyl radicals, that cause virus inactivation (40, 41). In
contrast, organic matter may act as both a source and a quencher
of reactive oxygen species. Hence, these two water constituents

FIG 5 Effects of temperature on MS2 inactivation curves (A and B) and rate constants (C and D) in experiments conducted in beakers filled with Swiss tap water,
placed inside 0.5-liter PET bottles, in the dark (A and C) or under our solar simulator (B and D). In plot D, the left vertical axis represents the observed
inactivation rate constant in time units (per hour), and the right vertical axis represents the rate constant in fluence units (see equation 1). Results were obtained
in two experimental replicates. Error bars represent standard deviations.
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should always be analyzed in SODIS efficacy studies. However,
more studies are needed in order to accurately link the presence
and concentration of iron and OM in water, the formation of
reactive oxygen species, and the efficiency of SODIS against vi-
ruses.

To conclude, this study contributes to elucidating the effective-
ness of SODIS in PET bottles against enteric viruses. In conjunc-
tion with previous studies, our results show that while SODIS
efficiently inactivates many bacteria, it is less efficient in the treat-
ment of viruses. Thus, SODIS application procedures recom-
mended on the basis of bacterial inactivation do not apply to en-
teric viruses. Nevertheless, removal during SODIS may be
substantial for viruses susceptible to RS, especially if the water
temperature is high and the organic matter content of the source
water is low. It should be noted that even if certain viruses are
resistant to oxidation by RS, their concentrations may be reduced
by the effect of temperature during SODIS.
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