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Abstract. We investigated the use of psoralens and limes to enhance solar disinfection of water (SODIS) using an UV
lamp and natural sunlight experiments. SODIS conditions were replicated using sunlight, 2 L polyethylene terephthalate
(PET) bottles, and tap water with Escherichia coli, MS2 bacteriophage, and murine norovirus (MNV). Psoralens and
lime acidity both interact synergistically with UV radiation to accelerate inactivation of microbes. Escherichia coli was
ablated > 6.1 logs by SODIS + Lime Slurry and 5.6 logs by SODIS + Lime Juice in 30-minute solar exposures, compared
with a 1.5 log reduction with SODIS alone (N = 3; P < 0.001). MS2 was inactivated > 3.9 logs by SODIS + Lime Slurry, 1.9
logs by SODIS + Lime Juice, and 1.4 logs by SODIS in 2.5-hour solar exposures (N = 3; P < 0.05). MNV was resistant to
SODIS, with < 2 log reductions after 6 hours. Efficacy of SODIS against human norovirus should be investigated further.

INTRODUCTION

There are 850 million people without access to an improved
drinking water source.1 Half of all hospital beds are occupied
by people suffering from a water-related illness, according to
the Stockholm International Water Institute.2 In low-income
regions without access to adequately treated piped water,
household water treatment (HWT) has been one of the most
cost-effective ways to reduce the incidence of waterborne
illness.3,4 Solar disinfection of water (SODIS) is one of several
HWT methods that effectively reduce the incidence of diar-
rheal illness and is recommended by the United Nations
Children’s Fund (UNICEF) as a HWT method.5

The SODIS protocol, as it is most widely publicized, calls
for 1–2 L polyethylene terephthalate (PET) bottles to be
exposed to sunlight for 6 hours.6 In cloudy weather, 48 hours
of treatment may be necessary to achieve adequate microbial
inactivation.7 This long treatment time apparently has had a
detrimental impact on SODIS acceptance in communities
targeted by SODIS promotional campaigns and sustainable
implementation has been difficult. One study in Nepal found
that a mere 10% of households actively recruited for a study
of SODIS efficacy routinely adopted SODIS during the
study.8 In South Africa, a SODIS intervention showed signif-
icant reductions in diarrheal disease in highly motivated
participants but no disease reduction in less motivated partic-
ipants, indicating dependence of SODIS upon user participa-
tion.9 Although the disinfecting effects of solar radiation
on drinking water were first reported 30 years ago,10 a survey
of 67 low- and medium-income countries for HWT practices
revealed that 0.2% of surveyed homes used SODIS, com-
pared with 21.0% boiling, 5.7% adding bleach, and 4.2% fil-
tering their water.3

Although shorter wavelengthUV-C is capable of direct dam-
age of nucleic acids through formation of thymine dimers, these
wavelengths are almost entirely absorbed in the Earth’s strato-

sphere, along with the majority of the sun’s UV-B radiation.11

The great majority of solar ultraviolet radiation reaching
Earth’s surface is in the UV-A spectrum (320–400 nm), thus
making UV-A irradiation the main driver of SODIS.12 The
UV-A wavelengths are not absorbed by nucleic acids, and
instead inactivate microorganisms by activating dissolved
organic carbon (DOC) in water, which in turn leads to the
formation of reactive oxygen species (ROS).13,14 This form of
disinfection is more than 1,000-fold slower than direct damage
of UV-C.15 Several researchers have looked for means to accel-
erate SODIS, using such compounds as riboflavin, TiO2, H2O2,
and copper plus ascorbic acid.16–21 Many of these compounds
have photoactivity in the UV-A spectrum, thereby enhancing
normally inefficient insults of UV-A against microorganisms.
Psoralens (furocoumarins) are a class of photoactive cyclic

biomolecules and a hitherto unexplored method to accelerate
SODIS. Psoralens have been used in the sterilization of blood
plasma and platelets, and are widely used to treat dermato-
logic conditions like psoriasis and vitiligo.22–24 These com-
pounds intercalate into DNA double helices and in the
presence of UV-A light peaking near 365 nm, form covalent
cross-links between parallel DNA strands, thereby preventing
replication of genetic material of the microorganism.25–27

Likely acting as antifungals or insecticides,28 psoralens are
found in a variety of plants, including many citrus fruits,
parsley, figs, and parsnips.29 Psoralens are found in particu-
larly high concentrations in peel of limes, a fruit that is cul-
tivated in many regions where SODIS may be practically
implemented.30 Interestingly, lime juice has been shown to
reduce levels of Vibrio cholerae in food and water, although
a specific mechanism for this effect has not yet been identi-
fied.31–33 PET, the plastic that constitutes most SODIS bot-
tles, is highly transmissive to 365 nm light, suggesting that
psoralens could retain their photoreactive effects inside a
PET bottle exposed to sunlight.34

We selected three microorganisms to study based on their

relevance to human disease. Escherichia coli are a thermo-

tolerant coliform widely used in laboratory studies as a repre-

sentative bacterial water contaminant. The bacteriophage

MS2 is a virus commonly used as a surrogate for human

viruses in disinfection studies because of its physicochemical

similarities to common pathogenic viruses (e.g., size and shape),
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the similarity of its behavior in various treatment processes to

mammalian viruses, and the relative ease with which it can be

studied.35 Finally, we chose to use murine norovirus (MNV)

in our SODIS studies because it is the best current surrogate

for human norovirus, which cannot be cultured under labora-

tory conditions.36 The effect of SODIS on viruses has not

been adequately studied. Laboratory simulations of SODIS

have evaluated various bacteriophages, adenovirus, and

poliovirus,37,38 and MS2 inactivation has been studied in sun-

light,39 but information on noroviruses in SODIS is very lim-

ited. Neither MNV nor any other norovirus surrogate has, as

far as we know, been previously studied in SODIS. The

existing SODIS literature suggests that viruses are more resis-

tant to SODIS than bacteria such as E. coli. Because viruses

are able to persist in an environment for extended periods, are

often infectious to humans at very low doses, and are common

contaminants of drinking water, it is vital to understand how

they behave in SODIS.
To test our hypothesis that psoralens could enhance

SODIS, we developed two SODIS models: the first, a labora-
tory simulation of sunlight using a UV-A lamp, and the sec-
ond, realistic SODIS conditions using outdoor sunlight, 2 L
PET bottles, and dechlorinated tap water. The bottles con-
tained lime juice, lime slurry, or synthetic psoralen, and either
E. coli, MS2, or MNV.

MATERIALS AND METHODS

Definition of terms. We have adopted a set of terms to
define the contents and exposure conditions of each sample.
Those samples exposed to sunlight and containing only water
and test organisms are referred to as “SODIS.” To indicate
the presence of an additive in a sunlight-exposed bottle, the
format “SODIS + X” is used (e.g., SODIS + Lime Juice).
When a lamp was the source of UV-A light, the term
“SODIS” is replaced with “Modified SODIS” or “M SODIS”
for brevity. The word “Dark” signifies that the sample was
not exposed to light (neither sunlight nor lamp light). “Dark
Control” indicates a sample with no additives and no light
exposure (i.e., a dark control for SODIS).
Experiments performed. The test conditions and parame-

ters studied are listed for each organism in Table 1.
Microbial strains, cultivation conditions, and enumeration.

Stocks of Nalidixic Acid-resistant E. coli CN-13 (ATCC
700609) were generated by inoculating tryptic soy broth (TSB)
(Invitrogen, Carlsbad, CA) containing 1% Nalidixic acid solu-
tion (Sigma, St. Louis, MO) with one loop (5 mL) of frozen
stock, and then incubated on a rotary shaker at 37°C with

mixing at 115 rpm for 16–20 hours to produce a stationary-
phase stock, which has exhibited greater resistance to SODIS
than bacteria in a log-scale phase of growth.40 E. coli CN-13
stocks were enumerated by plating 100 uL or 500 uL 10-fold
serial dilutions in phosphate buffered saline (PBS) on 1.5%
tryptic soy agar (TSA) Petri dishes with 1% Nalidixic Acid,
spreading samples evenly over the plate with glass beads, and
incubating overnight at 37°C. MS2 (ATCC 16696-B1) bacteri-
ophage were generated using the Double Agar Layer method
with an E. coli Famp (ATCC 700891) bacterial host. Bacterio-
phage were extracted from cell lysates with an equal volume
of chloroform (Sigma), centrifuged at 4,000 + g for 30 minutes
at 4°C, sterile filtered through sequential 0.45, 0.2, and 0.1 mm
low protein binding syringe filters (Millipore, Billerica, MA),
aliquoted, and stored at –80°C. MS2 was enumerated using
the bacteriophage plaque assay described previously with the
exception that an F-positive log-phase Famp E. coli strain was
used as host.41 We were able to spike bottles simultaneously
with E. coli and MS2 because CN-13 strain of E. coli is
F-negative and therefore cannot be infected by MS2. MNV
stocks were generated in monolayers of RAW 264.7 cells
(ATCC TIB-71), as previously described.41 Briefly, viral-
infected cell lysates were extracted and purified with
an equal volume of Vertrel XF (DuPont, Wilmington, DE),
centrifuged at 3,000 + g for 10 minutes at 4°C, sterile filtered
through sequential 0.45, 0.2, and 0.1 mm low protein binding
syringe filters (Millipore), aliquoted, and stored at –80°C.
MNV was enumerated by plaque assay as described previ-
ously,41 with slight modifications.42 Serial 10-fold dilutions of
stock of each organism were performed and plated alongside
the test sample on the same day of each experiment to deter-
mine stock titer. All plates for E. coli, MS2, and MNV were
run in duplicate.
Sample preparation. PBS was used in all UV lamp experi-

ments (outlined below) except the lamp study of MNV, where
dechlorinated tap water (see below) was used as treatment
water. For 2 L PET bottle solar experiments, dechlorinated
tap water was prepared by adding 1 mL of 3%Na2SO4 per liter
of tap water to dechlorinate the water, which was then
autoclaved to ensure sterility.43 The DOC content of this tap
water is 1–2 mg C/L (Huang H, unpublished data). All sample
preparation involving microbes or photoactive compounds was
performed in low light to minimize incidental exposure to
ultraviolet radiation. Synthetic 5-Methoxypsoralen (5-MOP)
was obtained from Sigma-Aldrich (St. Louis, MO). Because
5-MOP is very weakly soluble in water, 20 mg of synthetic
compound was first dissolved in 1 mL dimethyl sulfoxide
(DMSO) before being added to 2 L of dechlorinated tap
water to produce a concentration of 10 mg/L. These solutions
were then shaken to ensure full dissolution of the compound.
Persian limes (citrus latifolia) and lemons (citrus limon) were
purchased from a local Baltimore, MD, supermarket either
the same day or the night before each experiment and were
kept refrigerated in the dark until they were used. The limes
were grown in Mexico and lemons were grown in the United
States. Citrus (lime or lemon) juice was prepared by hand
squeezing the fruit; the juice was added to 2 L PET bottles
for solar experiments and 3 mL test tubes for lamp experi-
ments to produce a 1.5% concentration. For 2 L PET bottles,
therefore, 30 mL of juice was added, roughly corresponding
to juice of one-half lime or three-quarters lemon. Slurries were
produced by finely chopping whole citrus fruit and adding

Table 1

Characteristics of experiments performed

Organism Escherichia coli MS2 MNV

Exposures
performed

30 minutes solar 2.5 hours solar 2.5 hours solar
2.5 hours solar 6 hours solar 6 hours solar

6 hours lamp
Additives
tested

5-MOP 5-MOP 5-MOP
Lime Slurry Lime Slurry Lime Slurry
Lime Juice Lime Juice Lime Juice
Lemon Slurry Lemon Slurry
Lemon Juice Lemon Juice
HCl HCl

MNV = murine norovirus; 5-MOP = 5-methoxypsoralen; HCl = hydrochloric acid.

ENHANCING SODIS WITH LIME AND EFFICACY OF SODIS AGAINST NOROVIRUS 567



1.9 mL of solution (PBS for lamp experiments and dechlo-
rinated tap water for solar experiments) to each gram of
whole citrus to facilitate homogenization. This mixture was
homogenized on ice in an Omni homogenizer (Kennesaw,
GA) in three 1-minute intervals. The resulting slurry was
centrifuged at 10,000 + g for 10 minutes at 4°C. The super-
natant was added to test containers at a 3% concentration
(this value includes water added before homogenization;
therefore, concentration of lime was lower than 3%). Thus,
60 mL of slurry supernatant were added to each 2 L bottle
in solar experiments. This procedure was followed with the
intent of extracting the maximum amount of bioactive
chemicals such as psoralens found predominantly in the peel
of the fruit while minimizing turbidity of the water sample.
For pH control in solar experiments, 5 mL of 0.6 M HCl
was added to 2 L of dechlorinated tap water.
UV-A lamp and solar exposure. A B-100A mercury lamp

(UVP, Upland, CA) with a peak emission at 365 nm (UV-A)
and minimal emission in the UV-B or UV-C spectrum was
used to simulate sunlight in lamp experiments. Borosilicate
glass test tubes with a 3 mL capacity were placed in a rotating
carousel 10 cm away from the center of the UV-A lamp dur-
ing exposure and temperature was maintained near room
temperature with a small fan to remove air heated by the
lamp. The UV-A output of the lamp 10 cm away from the
center of the bulb fluctuated around 12 mW/cm2.
Solar exposures were performed in Baltimore, MD (latitude

39.29754° N, longitude 76.59576° W) between July and early
September 2010. Bottles were placed on a flat concrete surface
in an open area and were rotated 180° every 15 minutes during
exposures. Temperatures were measured using a thermome-
ter probe inside a 2L PET bottle filled with tap water undergo-
ing the same solar exposure conditions as test bottles. Dark
control bottles in solar experiments were left in an empty
cooler cracked open just enough to allow equilibration with
outside temperature. However, because these bottles could
not be exposed to infrared light from the sun, their inter-
nal temperature did not reach the temperature of bottles in
sunlight. The UV data were recorded using a Solarmeter 5.0
UV-A + UV-B radiometer (Solartech, Harrison, MI), which
reads a light range from 260 to 400 nm. For each time-point
measured in solar experiments, a vertical and a horizontal
reading were recorded, thereby estimating both direct and
scattered UV incident light44; these values were summed for
final UV intensity recording.
Statistical analysis. For experiments with N > 1, differences

in the level of organism inactivation between treatment

bottles were examined by one-way analysis of variance
(ANOVA). When differences were significant (P < 0.05), a
post-hoc Tukey’s test was used to determine between which
treatments the difference was significant. Data were pre-
sented in table form as the mean � SEM. Statistical calcula-
tions were performed with the software Prism 5.0 (GraphPad
Software, Inc., San Diego, CA).

RESULTS

Inactivation of E. coli. 30-minute solar exposures (N = 3)
(Table 2). Thirty-minute E. coli experiments were run on
2 days, with duplicate bottles for SODIS + Lime Slurry,
SODIS + Lime Juice, and Lime Slurry Dark on the second
day, for a total of three SODIS + Lime Slurry, SODIS + Lime
Juice, and Lime Slurry Dark bottles. The mean UV flux was
5.7 mW/cm2 in Trial 1 and 6.2 mW/cm2 in Trial 2. The peak
water temperature was 29.0°C in Trial 2 and was not recorded
in Trial 1.
The results, in the form of log10 reductions, of the 30-minute

and 2.5-hour solar exposures for E. coli are provided in Table 2.
SODIS + Lime Slurry inactivated E. coli beyond the limit
of detection in all three bottles (> 6.1 log reduction). SODIS +
Lime Juice reduced E. coli by a log-average of 5.6 logs in
3 bottles over 30 minutes. Lime Slurry Dark bottles showed
a log-average reduction of 5.9 logs. SODIS had a log-average
reduction of 1.5 logs after the 30-minute exposures. All dark
controls except for Lime Slurry Dark showed < 1 log reduc-
tions. Both SODIS + Lime Slurry and SODIS + Lime Juice
showed statistically significant differences when compared with
SODIS (one-way ANOVA, P < 0.0001; Tukey’s test, P < 0.001
for both comparisons); the difference between SODIS and
Dark Control was not significant; the difference between both
SODIS + Lime Slurry and SODIS + Lime Juice and all dark
bottles was significant (Tukey’s test, P < 0.001 for all compari-
sons) except for Lime Slurry Dark, which did not differ signif-
icantly from these two treatments.
2.5-hour solar exposures (N = 3) (Table 2). Three duplicate

experiments of 2.5-hour exposures to sunlight in 2 L PET
bottles were performed to evaluate efficacy of limes in
enhancing the inactivating effects of SODIS against E. coli,
MS2, and MNV. The mean UV flux was 2.9 mW/cm2 in Trial
1, 3.3 mW/cm2 in Trial 2, and 4.3 mW/cm2 in Trial 3. The peak
water temperature was 36.0°C in Trial 1, 33.0°C in Trial 2,
and 42.5°C in Trial 3.
An E. coli assay was not performed in Trial 1; however,

in Trials 2 and 3, E. coli was ablated to the limit of detection

Table 2

Average logarithmic inactivation and standard error of the mean (SEM) of Escherichia coli, MS2, and murine norovirus (MNV) in solar exposures

-Log(N/N0) inactivation

Escherichia coli MS2 MNV

Treatment 30-minute (SEM) 2.5-hour (SEM) 2.5-hour (SEM) 6-hour* 2.5-hour (SEM) 6-hour*
Dark Control 0.3 (0.1) 0.1 (0.7) 0.5 (0.3) 1.9 0.1 (0.1) 0.4
5-MOP Dark 0.2 (0.0) 1.3 (0.5) 0.1 (0.1)
Lime Slurry Dark 5.9 (0.1) 5.3 (0.7) 0.7 (0.2) 1.3 0.1 (0.1) 0.3
Lime Juice Dark 0.5 (0.2) 0.3 (0.1) 0.5 (0.1) 0.1 (0.0)
SODIS 1.5 (0.5) > 6.1 (–)† 1.4 (0.7) 5.5 0.2 (0.1) 1.4
SODIS + 5-MOP > 6.1 (–)† 2.8 (1.4) 0.8 (0.5)
SODIS + Lime Slurry > 6.1 (–)† > 6.1 (–)† > 3.9 (–)† > 6.2† 0.7 (0.4) 1.8
SODIS + Lime Juice 5.6 (0.3) > 6.1 (–)† 1.9 (0.7) > 6.2† 0.3 (0.2) 1.7

*No replicates were performed for these exposures.
†Reached limit of detection for the assay.
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(> 6.1 log reduction in Trial 2, > 6.0 log reduction in Trial 3)
in all bottles exposed to sunlight. Dark controls showed little
or no reduction in counts except in the case of Lime Slurry
Dark, which exhibited a 5.3 log inactivation. In contrast to
E. coli tests, Lime Slurry Dark did not show any substantial
reduction in viral titers, either for MS2 or MNV. There were
no statistically significant differences between bottles exposed
to sunlight, nor between any of the sun-exposed bottles and
Lime Slurry Dark. The differences between all these bottles
and all the dark control bottles besides Lime Slurry Dark
were significant (one-way ANOVA, P < 0.0001; Tukey’s test,
P < 0.001 for all comparisons).
Lemons, limes, and pH controls (N = 1). To determine

whether inactivating effects of SODIS + Lime were due
primarily to presence of psoralen in lime or the reduced pH
of water with lime, experiments with lemons and HCl for pH
control were conducted. Because lemons contain much less
psoralen than limes, any observed effect of lemons on this
system is likely not caused by psoralen.45,46 The pH of the
bottle containing lime slurry was 3.6 and lemon slurry was
4.4; for lime juice it was 3.4 and for lemon juice it was 3.3;
and a 2 L solution of dechlorinated tap water containing 5 mL
of 0.6 M HCl had a pH of 3.4.
Lime slurry was not tested because it had been demon-

strated to consistently inactivate E. coli beyond the limit of
detection after 30 minutes. SODIS exhibited a 0.6 log reduc-
tion. SODIS + Lime Juice exhibited a 5.0 log reduction.
SODIS + Lemon Juice was ablated beyond the limit of detec-
tion after 30 minutes (> 6.0 logs). SODIS + Lemon Slurry
reduced E. coli counts by 4.5 logs. The SODIS + HCl control
inactivated E. coli beyond the limit of detection in 30 minutes
(> 6.0 logs). Lemon Slurry Dark inactivated E. coli by 2.6 logs.
All other dark controls exhibited little reduction (0.3 logs for
Dark Control, 0.3 logs for Lime Juice Dark, 0.3 logs for
Lemon Juice Dark, and 0.2 logs for HCl Dark).
Inactivation of MS2. 2.5-hour solar exposure (N = 3)

(Table 2). In the case of MS2 bacteriophage, the logarithmic
mean reduction over three 2.5-hour trials was 1.4 logs for
SODIS, 2.8 logs for SODIS + 5-MOP, > 3.9 logs for SODIS +
Lime Slurry (reached limit of detection in Trial 3), and 1.9 logs
for SODIS + Lime Juice. The inactivation varied substan-
tially in relation to different intensities of sunlight over the
three trials. In Trial 1, only the SODIS + Lime Slurry bottle
exhibited a reduction in viral plaque count of > 1 log. In
Trial 2, SODIS + Lime Slurry inactivated MS2 beyond the
limit of detection (> 4.8 logs), and SODIS + 5-MOP and
SODIS + Lime Juice also exhibited strong inactivation. In
Trial 3, SODIS + Lime Slurry, SODIS + Lime Juice, and
SODIS + 5-MOP showed strongly inactivating effects. SODIS
also showed an improved inactivation on this day of higher
solar intensity, with a 2.7 log reduction. The only treatment
comparisons that were statistically significant were between
SODIS + Lime Slurry and Dark Control, Lime Slurry Dark,
and Lime Juice Dark (one-way ANOVA P = 0.019; Tukey’s
test, P < 0.05 for all three comparisons).
6-hour solar exposure (N = 1) (Table 2). The widely pro-

moted SODIS protocol involves a 6-hour solar exposure on a
sunny day. To evaluate effects of SODIS and SODIS + Lime
on MS2 and MNV under the conditions of the recommended
SODIS protocol, we performed a 6-hour solar exposure in
2 L PET bottles. We did not evaluate E. coli in this exper-
iment because we had previously found that SODIS

completely ablated E. coli in 2.5-hour solar exposures. The
mean UV flux during the exposure was 5.0 mW/cm2 and
water temperature increased during the exposure from 25.0
to 42.5°C.
In this experiment, the Dark Control for SODIS exhibited

a 1.9 log reduction from the expected titer. The Lime Slurry
Dark bottle had a 1.3 log reduction in MS2. The SODIS also
was strongly inactivating, showing a 5.5 log inactivation of
MS2 from original titer. The MS2 was completely ablated in
both SODIS + Lime Slurry and SODIS + Lime Juice after the
6-hour exposure (> 6.2 log reduction).
Lemons, limes, and pH controls (N = 1). The effects of

other citrus preparations and of pH on MNV were studied in
a 2.5-hour exposure in strong sunny conditions. SODIS + Lime
Slurry reduced MS2 beyond the limit of detection (> 5.3 logs)
in sunlight. The SODIS + Lemon Slurry and SODIS + HCl
showed no effect on MS2 compared with SODIS; all three had
a < 1 log reduction compared with the Dark Control.
Inactivation of MNV. Lamp time-series (N = 1) (Figure 1).

To obtain preliminary information regarding the inactiva-
tion of MNV by solar disinfection processes, we performed a
time-series experiment using the UV-A lamp. The results of
the study are given in Figure 1. Modified SODIS (M SODIS)
+ Lime Slurry reducedMNV counts by 1.1 logs after 1.5 hours,
1.2 logs after 3 hours, and 2.0 logs after a 6-hour exposure
to the UV-A lamp at an average intensity of 11.7 mW/cm2.
The M SODIS + Lime Juice produced a reduction of 1.8 logs
after 6 hours, whereas M SODIS test tubes showed only a
0.3 log reduction after 6 hours. There were minimal reduc-
tions in MNV in the dark controls, with log reductions of –0.2
for Dark Control, 0.1 for Lime Slurry Dark, and –0.1 for Lime
Juice Dark after 6 hours.
2.5-hour solar exposure (N = 3) (Table 2). In the 2.5-hour

solar exposures, MNV was more resistant to SODIS than
MS2. The log-average reductions were 0.2 logs for SODIS,
0.9 logs for SODIS + 5-MOP, 0.7 logs for SODIS + Lime
Slurry, and 0.3 logs for SODIS + Lime Juice. No bottles in
Trials 1 or 2 had a reduction of > 1 log in MNV. In Trial 3,
SODIS + Lime Slurry and SODIS + 5-MOP were inactivated
by 1.4 logs and 1.7 logs, respectively. Comparison of all
treatments yielded no statistically significant differences.
6-hour solar exposure (N = 1) (Table 2). In a replication

of standard 6-hour SODIS protocol, MNV counts were
reduced by 1.8 and 1.7 logs for SODIS + Lime Slurry and
SODIS + Lime Juice, respectively, whereas the SODIS
bottle showed a 1.3 log reduction in MNV counts. Dark
Control and Lime Slurry Dark were inactivated by 0.4 logs
and 0.3 logs, respectively.

Figure 1. Logarithmic inactivation of murine norovirus (MNV)
in a UV-A lamp exposure.
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DISCUSSION

In this study, we sought to evaluate the efficacy of SODIS
in inactivating surrogates for human viral pathogens and the

role psoralens in limes play in enhancing effects of SODIS.

We used a synthetic form of 5-MOP, the predominant psora-

len in limes, to isolate the effects of this chemical. Initial UV
lamp studies indicated that 5-MOP inactivated E. coli at con-

centrations as low as 5 mg/L. We moved to outdoor solar

experiments using 2 L soda bottles and dechlorinated tap

water because conditions such as temperature, UV intensity,
water turbidity, water volume, and material of the container

can significantly alter SODIS outcomes.
Our field findings, consistent with those observed in the

laboratory, indicate that SODIS + Lime Slurry and SODIS +

Lime Juice have strong inactivating effects against E. coli,

intermediate inactivation of MS2, and modest effects against

MNV (Table 2). The SODIS + Lime Juice is slightly less
effective than SODIS + Lime Slurry. However, because of the

ease with which lime juice can be prepared, it represents a

more realistic addition to SODIS than lime slurry. None of

the SODIS treatments used in this study was able to reduce
MNV titers by 2 logs after a 6-hour exposure on a sunny day.
Finally, we compared the effects of limes, which have high

psoralen content, to lemons, with lower psoralen content, and
HCl. Our results indicate that acidification (pH < 4) is suf-

ficient to observe substantial reductions in E. coli levels in just

30 minutes in the sun, but these effects are not observed

with viruses such as MS2, suggesting that inactivation of
MS2 observed with limes is likely due primarily to effects

of psoralens.
MNV is highly resistant to SODIS. Other studies have

reported that viruses are more resistant to SODIS than bacte-
ria.37,38 However, we are not aware of any previous studies
investigating effects of SODIS on norovirus, a leading cause
of acute gastroenteritis worldwide, or any of its surrogates.
We used MNV, which has been shown to be an applicable
surrogate for human norovirus in other applications.47–49 We
found that after a 2.5-hour exposure in bright sun (Trial 3),
SODIS only registered a 0.4 log reduction in infectious MNV
by plaque assay. After 6 hours, SODIS achieved a 1.4 log
reduction in viable MNV particles. The SODIS + Lime Slurry
and SODIS + Lime Juice fared only slightly better, with
1.8 log and 1.7 log reductions after 6-hour exposure, respec-
tively. There were no significant differences between any
samples of MNV in the 2.5-hour exposures, including the
dark control bottles.
These results contrast with those for MS2, which, although

still more resistant to SODIS + Lime than E. coli, was reduced
below the limit of detection (> 6.2 log) by SODIS + Lime
Slurry and SODIS + Lime Juice in the same 6-hour exposure
(Table 2). SODIS also achieved better reductions in MS2 than
MNV. The differences between SODIS + Lime Slurry and the
dark controls in the 2.5 hours of exposure were statistically
significant, although no other treatments exhibited statisti-
cally significant differences.
Previous studies have shown MS2 to be more resistant to

simulated solar irradiation than human poliovirus or other
bacteriophages and roughly equal to human adenovirus in
resistance to simulated solar irradiation.37 Our study, there-
fore, suggests that MNV is exceptionally resistant to damage
by SODIS. Because human norovirus is a prominent cause of

waterborne gastrointestinal illness, our findings raise ques-
tions about the efficacy of SODIS for preventing viral gas-
troenteritis and warrant further investigation.
Because DOCs represent the principal sensitizer for forma-

tion of ROSs in SODIS, it is possible that water with higher
levels of DOCs than the tap water used in these experiments
might display higher rates of inactivation of MNV and other
organisms.14 Therefore, it will be important to study MNV
inactivation in other water sources to determine whether inac-
tivation remains low.
Psoralens and limes accelerate SODIS. In a series of

30-minute solar exposures, we showed that SODIS + 5-MOP,
SODIS + Lime Slurry, and SODIS + Lime Juice consistently
achieved near 6 log reductions of E. coli, compared with
1.5 log inactivation by SODIS. These differences were
statistically significant.
Killing effects of SODIS + Lime appear to have multiple

mechanisms. Limes contain a variety of compounds that may
have microbicidal effects. In addition to psoralens, discussed
previously, they also contain ascorbic and citric acids and
limonene, a terpene found in many citrus fruits, including
lemons.50–53 The effective inactivation of microbes by SODIS +
5-MOP likely accounts for part of the inactivating effects
observed with limes. However, our research and that of pre-
vious studies using artificial UV sources suggest the possibility
of other mechanisms.21

We performed two experiments comparing effects of adding
lime, lemon, and HCl to the SODIS protocol. In a 30-minute
exposure, all these preparations strongly inactivated E. coli.
These results suggest that a pH below 4 alone may be suf-
ficient to dramatically reduce E. coli viability in the pres-
ence of sunlight. These results are consistent with findings
of some other investigators,21 but are in contrast to investi-
gators who did not observe any changes in killing of E. coli
with a solar lamp between pH 4–9.54 Interestingly, none of
the bottles with low pH showed substantial inhibition of
E. coli in the dark except for Lime Slurry Dark and Lemon
Slurry Dark. This finding indicates that a synergistic antimi-
crobial relationship is present between a low pH solution and
solar radiation.
The lemon and lime slurries both showed a substantially

reduced E. coli count in the dark. However, this finding can
be attributed to the presence of limonene in the peel of both
fruits, which can have a bactericidal effect regardless of UV
exposure.53 Because dark controls of slurries ablated E. coli,
none of the ablation of E. coli in the slurry samples can be
attributed to an effect of sunlight. However, the dark control
slurries did not reduce either MS2 or MNV counts, indicating
that sunlight does in fact play an important synergistic role
with slurry in inactivating viruses. This synergy may be caused
by the presence of psoralen in lime bottles.
Weather alters efficacy of SODIS. In our comparison of

2.5-hour solar exposures on 3 days with different levels
of cloud cover, we found that rates of viral inactivation
depended heavily upon solar flux during the experiment.
Although there were some brief periods of strong solar inten-
sity during Trial 1, the sun was obstructed by a thick cloud
cover for most of the experiment. In contrast, the sky was
almost entirely clear during Trial 3, with only brief periods of
light cloud cover. There was considerable variability in results
with MNV and MS2 that appears to correlate with intensity
of UV radiation during each trial. These results indicate that
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current conservative recommendations for solar exposures in
cloudy weather are warranted.

CONCLUSIONS

SODIS can be practiced in regions receiving 3–5 hours of >
500 W/m2 solar radiation daily.7 There is a large overlap
between these high solar intensity regions of the world and
areas where limes and lemons are cultivated. The prelimi-
nary results of this study show SODIS + Citrus to be effective
at greatly reducing E. coli levels in just 30 minutes, a treat-
ment time on a par with boiling and other HWTmethods. The
30 mL juice per 2 L water amounts to about one-half Persian
lime per bottle, a quantity that will likely not be prohibi-
tively expensive or create an unpleasant flavor. Further-
more, many cultures already practice treatment with citrus
juice (e.g., preparation of ceviche in Latin America), perhaps
indicating that this treatment method will be more appeal-
ing to potential SODIS users than other additives such as
TiO2 or H2O2.
However, a number of issues should be investigated before

field implementation of SODIS + Lime can begin. The large
contribution to morbidity of diarrheal disease attributed to
human norovirus indicates that the absence of a statistically
significant reduction of MNV by SODIS and SODIS + Citrus
should be further investigated, as this may represent a major
obstacle to SODIS programs. The effects of SODIS + Lime
on other viruses and spore-forming organisms should be
studied. Additional research should be done to evaluate the
use of lemon or other acidic fruit instead of Persian limes, as
these other fruits may be more easily obtained in certain
regions. An analysis of psoralen content of bottles containing
lime juice should be performed to assess potential toxicity
risks, although these are not anticipated to be substantial.30
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