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To evaluate the effectiveness of UV irradiation in inactivating Crypfosporidium parvum oocysts, the animal
infectivities and excystation abilities of oocysts that had been exposed to various UV doses were determined.
Infectivity decreased exponentially as the UV dose increased, and the required dose for a 2-log,, reduction in
infectivity (99% inactivation) was approximately 1.0 mWs/cm? at 20°C. However, C. parvum oocysts exhibited
high resistance to UV irradiation, requiring an extremely high dose of 230 mWs/cm® for a 2-log, , reduction in
excystation, which was used to assess viability. Moreover, the excystation ability exhibited only slight decreases
at UV doses below 100 mWs/cm?. Thus, UV treatment resulted in oocysts that were able to excyst but not infect.
The effects of temperature and UV intensity on the UV dose requirement were also studied. The results showed
that for every 10°C reduction in water temperature, the increase in the UV irradiation dose required for a
2-log,, reduction in infectivity was only 7%, and for every 10-fold increase in intensity, the dose increase was
only 8%. In addition, the potential of oocysts to recover infectivity and to repair UV-induced injury (pyrimidine
dimers) in DNA by photoreactivation and dark repair was investigated. There was no recovery in infectivity
following treatment by fluorescent-light irradiation or storage in darkness. In contrast, UV-induced pyrimidine
dimers in the DNA were apparently repaired by both photoreactivation and dark repair, as determined by
endonuclease-sensitive site assay. However, the recovery rate was different in each process. Given these results,
the effects of UV irradiation on C. parvum ococysts as determined by animal infectivity can conclusively be

considered irreversible.

Widespread low-level contamination of surface waters with
Cryptosporidium parvum oocysts has been reported in many
countries (10, 25). Cryptosporidiosis outbreaks arising from
water supplies have been documented (1, 18), and it is believed
that C. parvum oocysts are widespread in rivers. The concen-
tration of C. parvum oocysts in source river waters can be as
high as 10* oocysts per 100 liters (20, 29). Although coagula-
tion-sedimentation and rapid sand filtration can remove C.
parvum oocysts and reduce their numbers by 2 to 3 log units
(11, 19), the expected rate of removal may not sufficiently
reduce the risk of infection to an acceptable level in cases
where the source water is highly contaminated. Chlorine has
been used as a disinfectant in many water supplies; however, C.
parvum oocysts are insensitive to the concentrations routinely
used (7, 12, 17). Thus, there is interest in developing an alter-
native, more effective disinfectant for inactivating these recal-
citrant microorganisms. '

UV disinfection systems produce no hazardous by-products
and are easy to maintain. The UV system is considered one of
the more effective disinfection techniques for bacteria and
viruses in drinking water and wastewater (26). Although there
have been many studies on UV inactivation of microorganisms
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such as Escherichia coli (14), relatively few studies on UV
inactivation of C. parvum have been conducted. This is be-
cause, based on assessment by in vitro excystation and vital-dye
methods, UV irradiation was considered ineffective in inacti-
vating C. parvum (2, 23, 27). However, evidence based on
assessment by cell culture techniques suggests that the present
practice of UV irradiation at low doses may effectively inacti-
vate C. parvum oocysts (4, 21).

A problem with UV disinfection is that some microorgan-
isms have the ability to repair DNA lesions by mechanisms =
such as photoreactivation and dark repair (8, 9, 22, 33). Pho-
toreactivation is a phenomenon in which UV-inactivated mi-
croorganisms recover activity through the repair of lesions in
the DNA by enzymes under near-UV light. Photoreactivation
may occur in microorganisms in UV-exposed wastewater after
its discharge to watersheds, because UV-inactivated ricroor-
ganisms would normally be exposed to sunlight, including
near-UV light. In dark repair, UV-inactivated microorganisms
repair the damaged DNA in the absence of light. Dark repair
may occur in UV-exposed drinking water after it is distributed
by water supply systems. Therefore, in order to achieve an
appropriate UV disinfection level, it is necessary to quantita-
tively evaluate the effects of photoreactivation and dark repair.
However, the ability of C. parvum to perform photoreactiva-
tion and dark repair following UV irradiation has not yet been
clarified, despite the importance of these mechanisms in the
inactivation of C. parvum by UV irradiation technology.
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Inactivation of microorganisms by UV irradiation occurs
through the formation of lesions in DNA, and the dominant
UV-induced lesion is cyclobutane pyrimidine dimers (8). The
presence of UV-induced lesions would prevent normal DNA
replication, leading to inactivation. In previous studies, photo-
reactivation and dark repair in C. parvum were investigated by
the endonuclease-sensitive site (ESS) assay, which can deter-
mine the mumber of UV-induced cyclobutane pyrimidine
dimers in the genomic DNA (24, 31). The results indicated that
C. parvum has the ability to carry out photoreactivation and
dark repair at the genomic level. ,

In this study, we sought to elucidate the efficacy of UV
irradiation at various temperatures and intensities as well as to
assess the effects of visible-light irradiation or dark storage
after UV irradiation by use of animal infectivity, in vitro ex-
cystation, and the ESS assay.

MATERIALS AND METHODS

C. parvum oocysts, The C. parvum strain HNJ-1 (a human isolate recovered by
M. Iseki, Kanazawa University, Kanazawa, Japan), which was passaged in SCID
mice (C.B-17/Icr; CLEA Japan Inc,, Tokyo, Japan) at the Research Institute of
Biosciences, Azabu University, was used for this study. Fresh feces from several
infected mice were placed in 500 ml of purified water, emulsified, and filtered
through a 0.1-mm-mesh nylon sieve. A crude oocyst suspension (20 ml) was
underlaid with a sucrose solution (specific gravity, 1.10 at 20°C) and centrifuged
at 1,500 X g at 4°C for 15 min. The interface and upper layer were recovered and
diluted with 150 mM phosphate-buffered saline (PBS, pH 7.4, comprising 0.20 g
of potassium dihydrogen phosphate, 0.20 g of potassivm chloride, 1.15 g of
disodium hydrogen phosphate, and 8.0 g of sodium chloride in 1 liter of distilled
water) containing 0.1% (vol/vol) Tween 80. The diluted solution was centrifuged
at 1,500 X g and 4°C for 15 min. The precipitate was diluted to 20 ml with PBS
containing 0.1% (vol/vol) Tween 80, The suspension was underlaid with a sucrose
solution and centrifuged at 1,500 X g and 4°C for 15 min. The interface was
recovered. Washing with PBS containing 0.1% (vol/vol) Tween 80 was repeated
four times to remove fecal matter. The stock of purified oocysts was stored in
PBS at 4°C and uvsed in experiments within 10 days.

UV irradiation. The UV irradiation conditions for each experiment are shown
in Table 1. A small portion of a purified suspension of C. parvum oocysts was
placed in an open plastic petri dish (inner diameter, 56 mm) containing 10 m! of
150 mM PBS to produce a final concentration of 10 oocysts per ml. Since the
extinction coefficient was 0.050 cm ™! at 254 nm and the loss of UV intensity in
a 4.0-mm thickness of the oocyst suspension was only 2%, the UV intensity at the
surface of the oocyst suspension was regarded as the UV intensity in the entire
suspension layer.

The dish was placed under a 5-W low-pressure mercury lamp (QCGL5W-14
97D; Iwasaki Electronie, Co., Ltd., Tokyo, Japan). The intensity of the UV light
at a wavelength of 253.7 nm ranged from 0.048 to 0.60 mW/cm?, as measured by
a UV dose rate meter (UTI-150-A; Ushio Inc., Tokyo, Japan). The dose of UV
irradiation was altered by controlling the exposure time. The oocyst suspension
was gently mixed by using an electromagnetic stirrer during UV irradiation.

Fluorescent-light irradiation and storage in the dark. Table 2 summarizes the
experimental conditions of UV irradiation and the subsequent recovery treat-
ments, Immediately after UV irradiation, one group was exposed to fluorescent
light by use of a 15-W fluorescent lamp (FL15N white-light fluorescent lamp;
Toshiba, Tokyo, Japan). The intensity of the fluorescent light at a wavelength of
360 nm was measured by a UV-A region dosimeter (UVR-2 with UD-36; TOP-
CON, Tokyo, Japan). Throughout the duration of fluorescent-light irradiation,
the oocyst suspension was gently mixed by using an electromagnetic stirrer.
Another group was covered with aluminum foil and incubated at 20°C for 4 to
24 h.

Tafectivity. Infectivity was determined via animal infectivity tests with SCID
mice in a specific-pathogen-free area at the Research Institute of Biosciences,
Azabu University. This study was approved by the Animal Research Committee
of Azabu University. Five-week-old SCID mice were used for the tests after 1
week of conditioning for adaptation to the new cage. Mice were individually
housed in cages and provided autoclave-sterilized food and water. Three to eight
mice were used per dilution. Fivefold serial dilutions were made using sterilized
tap water. A 0,5-m} aliquot of a selected dilution series was administered orally
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TABLE 1. Summary of experimental conditions

. . . . UV dose .

Trial UV intenst Irradiation o Evaluation
no. (mW/cmz)ty time (5) (?H\lhz’)s/ Temp (C) " hethode

1 0.24 5 1.20 5 Al
2 0.24 5 1.20 10 Al
3 0.24 5 1.20 30 Al
4 0.24 7 1.68 5 Al
5 0.24 7 1.68 10 Al
6 0.24 7 1.68 30 Al
7 0.24 10 2.40 5 Al
8 0.24 10 2.40 10 Al
9 0.24 10 2.40 30 Al
10 0.048 25 1.20 20 Al
11 0.12 10 1.20 20 Al
12 0.60 2 1.20 20 Al
13 0.048 38 1.82 20 Al
14 0.12 15 1.80 20 Al
15 0.60 3 1.80 20 Al
16 0.048 50 2.40 20 Al
17 0.12 20 2.40 20 Al
18 0.60 4 2.40 20 Al
38 0.24 167 40.0 20 Ex
39 0.24 167 40.0 20 Ex
40 0.24 333 80.0 20 Ex
41 0.24 333 80.0 20 Ex
42 0.24 500 120 20 Ex
43 0.24 500 120 20 Ex
44 0.24 667 160 20 Ex
45 0.24 667 160 20 Ex
46 0.24 1,000 240 20 Ex
47 0.24 1,000 240 20 Ex
C-12 Not irradiated Al
C-2 Not irradiated Al
C3 Not irradiated Al
C4 Not irradiated Al

2 Al, animal infectivity; Ex, in vitro excystation.
b C, Control samples for MPN,, in animal infectivity.

to the mouse. The mortality of the mice at the early stage of the experiments was
2 out of 789 mice; no mouse died beyond 1 week after oral administration. Four
weeks after oral administration, fresh feces were collected, suspended in 50 mi of
purified water, and emulsified using a vortex mixer. A 5-ml portion of the
suspension was overlaid on 8 ml of a sucrose solution and centrifuged at 1,500 X
g and 4°C for 15 min. The interface was recovered, and approximately 1 ml of the
supematant was filtered through a 25-mm cellulose acetate membrane disk filter
(pore size, 0.8 pm). The filter was then stained using immunofluorescent anti-
bodies against oocyst wall protein (Hydrofluoro Combo Kit; Strategic Diagnos-
tics Inc., Newark, Del.) and observed under an epifluorescent, differential-con-
trast microscope (BX-60; Olympus, Tokyo, Japan) at a magnification of X400 to
determine the presence or absence of oocysts. The most probable number
(MPN) of infection was calculated from oocyst-positive mice by using the MPN
program developed by Hurley and Roscoe (15). The relative infectivity of each
sample was calculated as MPN,/MPN,, where MPN, is the MPN of oocysts after
UV irradiation and MPN,, is the MPN of oocysts before UV irradiation.

In the animal infectivity test, the dark repair process was monitored closely, as
it occurred in the interval between the time immediately after UV irradiation of
oocysts and the time at which oocysts reached the infection site. Thus, the resuits
include the effect of the dark repair process.

In vitro excystation, The viability of the oocysts was determined by a modifi-
cation of Woodmansee’s method (35). The original excystation protocol was
modified slightly by addition of a 5-min preincubation at 37°C in acidified Hank's
balanced salt solution (pH 2.75) prior to incubation for excystation. After the
preincubation period, the oocysts were incubated in the excystation medium at
37°C for 60 min.

The numbers of intact oocysts (IO) before excystation treatment, partially
excysted oocysts (PO), empty oocysts (EO), and free sporozoites (S) were enu-
merated under a phase-contrast microscope at a2 magnification of X400. Excys-
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TABLE 2. Experimental conditions of UV irradiation and subsequent recovery treatments

Treatment after UV irradiation

. UV intensi Irradiation UV dose o .
Trial no, (mW, /cmz)ty time (s) (mWsfem?) Temp (°C) FL® dose Storage Evaluation®
(mWsfcm?®) duration (h)
19 0.10 5 0.50 20 Not treated Al, ESS
20 0.10 5 0.50 20 150 Al, ESS
21 0.10 5 0.50 20 300 Al ESS
22 0.10 5 0.50 20 12 Al ESS
23 0.10 5 0.50 20 ) 24 Al, ESS
24 0.10 10 1.00 20 Not treated Al, ESS
25 0.10 10 1.00 20 150 Al, ESS
26 0.10 10 © 100 20 300 Al, ESS
27 0.10 10 1.00 20 12 Al, ESS
28 0.10 10 1.00 20 24 Al, ESS
29 0.10 15 1.50 20 Not treated Al, ESS
30 0.10 15 1.50 20 Not treated Al, ESS
31 0.10 15 1.50 20 180 Al ESS
32 0.10 15 1.50 20 360 Al ESS
33 0.10 15 1.50 20 540 Al, ESS
34 0.10 15 1.50 20 720 Al, ESS
35 0.10 15 1.50 20 4 ~ AL ESS
36 0.10 15 1.50 20 12 Al, ESS
37 0.10 15 1.50 20 24 Al, ESS
@ FL, fluorescent light. '
b AY, animal infectivity.
S/4

tation rate (V) was calculated as O+ P0 T EO'

calenlated as V,/V,, where V, is the excystation rate of the UV-irradiated sample
and ¥V, is the excystation rate of the control sample (before UV irradiation).
ESS assay, A C. parvum suspension was frozen in liquid nitrogen for 3 min and
then thawed at 95°C for 5 min to break the oocyst walls (P. A. Rochelle, D. M,
Ferguson, T. J. Handojo, R. De Leon, M. H. Stewart, and R. L. Wolfe, abstract
from the Fourth International Workshops on Opportunitistic Protists, J. Eu-
karyot. Microbiol. 43:72S, 1996). The DNA was then extracted by the Genomic-
tip DNA extraction kit (Qiagen Inc., Valencia, Calif.). UV endonuclease was
prepared from Micrococcus luteus by using the method for the preparation of
fraction IT originally described by Carrier and Setlow (3). The DNA solution was
incubated with the UV endonuclease at 37°C for 45 min in 30 mM Tris (pH
8.0)-40 mM NaCl-1 mM EDTA in order to incise the nicks at the site of the
pyrimidine dimer. The reaction was stopped by addition of concentrated alkaline

loading dye to a2 final concentration of 100 mM NaOH, 1 mM EDTA, 2.5% -

Ficoll, and 0.05% bromocresol green. The sample was electrophoresed at 0.4
V/em for 15 h on 0.35% alkaline agarose gels in a solution containing 30 mM
NaOH and 1 mM EDTA. 7GT (bacteriophage T4dC+T4dC/Bgll digest mixture;
Wako, Tokyo, Japan) and 8GT (bacteriophage T4dC+TAdC/Bg/II digest mix-
ture; Wako) were vsed as molecular-length markers. The gel was neutralized and
stained in an ethidium bromide solution overnight to stain the DNA, The stained
gel was photographed (Gel Doc 1000; Bio-Rad, Richmond, Calif.) and analyzed
(Molecular Analyst software; Bio-Rad), The midpoint of the DNA mass, that is,
the medjan migration distance of each sample, was graphically determined to be
the representative migration distance of the sample. The median migration
distance was converted to the median molecular length (L,,.4) of the DNA by
means of the quadratic regression curve obtained from analysis of the molecular
standards. The average molecular length (L) of the DNA was calculated as 0.6
X L ea (calculation from Veatch and Okada [32]). The number of ESSs per base
was caleulated as [1/L,cuvy) — [VL—uwl, where L,y yvy and L, vy are
the L,s of the UV-irradiated and nonirradiated samples, respectively (calcula-
tion from Freeman et al. [6]). .

RESULTS AND DISCUSSION

Efficacy of UV irradiation. The number of orally adminis-
tered oocysts, infection rate among mice, MPN, 95% confi-
dence interval, and relative infectivity are shown in Table 3.
The reduction in infectivity of C. parvum oocysts with UV
irradiation at 20°C is shown in Fig. 1. Infectivity decreased
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The survival ratio (S,) was °

exponentially as the UV dose increased. The UV doses re-
quired for 1-, 2, and 4-log,, reductions in infectivity were 0.48,
0.97 and 1.92 mWs/cm?, respectively. The doses resulting in
reductions in infectivity in this study were approximately half
of the previously reported doses based on assessment by cell
culfure (4, 21, 30). It has been reported that sensitivity to
disinfectants varies among different strains of C. parvum (28).
The reason that the effective dose of irradiation was about half
of the reported values might be related to differences in the
experimental conditions, including the use of different strains
of C. parvum and/or differences between in vitro cell culture
methods and in vivo animal infectivity experiments. Our dose
of UV irradiation is much lower than the minimum dose of 16
mWs/cm? recommended for a 2-log,, reduction of bacteria by
the U.S. Public Health Service. Therefore, if the minimum
dose is maintained at 16 mWs/cm?, it can be expected to result
in more than 10-log,, inactivation of C. parvum oocysts. These
results suggest that UV irradiation is a highly effective disin-
fectant technique for inactivating C. parvum oocysts from the
perspective of reducing infectivity.

The reduction in the viability of C. parvum oocysts by UV
treatment as assessed by excystation is shown in Fig. 2. The
6-hit series event model (34) was used as the mathematical
model because viability decreased only slightly at the low dose
range (<100 mWs/cm?). The estimated UV dose for a 2-log,,
reduction in viability at 20°C was 230 mWs/cm?, which is ap-
proximately 200 times higher than the dose required for an
equivalent reduction in infectivity. Hirata et al. reported that
the CT (product of concentration of disinfectant and contact
time) values of chemical disinfectants required for equivalent
reductions in the infectivity and the viability of C. parvum
differed by a factor of 18 for chlorine (12) and by a factor of 3
for ozone (13). The present study showed a marked difference
between the effect of UV irradiation on the infectivity of C.
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TABLE 3. Summary of C. parvum infectivity in SCID mice for each trial

Trial no.? Inoculum? (no. of positive mice/total no. of mice) MPN 95% confidence interval i:}iﬁ%fy
C1 9 (1/5), 49 (3/4), 203 (4/3), 1,010 (5/5) 133 X 1072 556 X 107310 3.19 X 1072 1.00 X 10°
1 149 (1/5), 745 (3/5), 3,725 (5/5), 18,625 (5/5) 163 X 107* 545X 107510 4.90 x 107* 123 x 1072
2 126 (0/3), 630 (0/3), 3,150 (0/3), 15,750 (2/3), 78,750 (3/3) 533X 1070 172X 107510 1.65 X 107*  4.01x107*
3 122 (0/3), 608 (0/3), 3,038 (0/3), 15,188 (1/3), 75,938 (3/3) 337%x 1075 113X 107%t0 1.01 X 107* 253 x 1073
8 127 (0/3), 634 (0/3), 3,169 (0/3), 15,844 (0/3), 79,219 (1/3) 391 %X 1077 562x 107810272 X 107 294 x10°°
10 120 (0/3), 600 (0/3), 3,000 (0/3), 15,000 (2/3), 75,000 (3/3) 560 X 1075 181X 107°t0 1.74 X 107* 421X 107
11 120 (0/3), 600 (1/3), 3,000 (2/3), 15,000 (2/3), 75,000 (3/3) 154 X 10™* 516 X 107° t0 4.63 X 107*  1.16 X 1072
12 144 (0/3), 720 (1/3), 3,600 (3/3), 18,000 (3/3), 90,000 (3/3) 715X 107* 238X 107%t0 215 X 107®  538x 1072
17 126 (0/3), 631 (0/3), 3,156 (0/3), 15,781 (0/3), 78,906 (1/3) 393 x 1077 565X 107%102.74 X 10°% 295 x107°
18 149 (0/3), 746 (0/3), 3,731 (0/3), 18,656 (3/3), 93,281 (3/3) 8.66 x 1076 282X 107610 2.66 X 1075 651X 107"
c2 5 (0/8), 24 (1/8), 121 (4/5), 604 (5/5) . 9.49 x 107> 414 X 107310 2.18 X 107> 1.00 x 10°
4 5,625 (0/5), 28,125 (2/5), 140,625 (4/5), 703,125 (5/5) 124 X 107° 522X 107510297 x 107° 131 x 1073
5 6,850 (0/5), 34,250 (3/5), 171,250 (3/5), 856,250 (5/5) 874 x 1076 362X 10™%to 2.11 X 107> 9.21 x 10~*
6 6,088 (0/5), 30,438 (0/5), 152,188 (3/5), 760,940 (5/5) 622 X 107 256 X 107%to 1.51 X 107%  655x107¢
13 6,700 (2/5), 33,500 (2/5), 167,500 (3/5), 837,500 (5/5) 1.04 X 1675 434X 107510248 X 107°  1.10 X 1073
14 6,700 (1/5), 33,500 (4/5), 167,500 (5/5), 837,500 (5/5) 438 X 1075 177 X 107> 10 1.09 X 10™*  4.62x 1073
15 6,750 (0/5), 33,750 (0/5), 168,750 (1/5), 843,750 (5/5) 254 X 107°  1.08 X 107%t0 5.96 X 107  2.68 X 107*
C-3 9 (1/5), 39 (3/5), 203 (4/5), 1,010 (5/5) 129 X 1072 544 X 1072 10 3.04 X 107>  1.00 x 10°
19 149 (1/5), 745 (3/5), 3,725 (5/5), 18,625 (5/5) 135 X 1072 544 X 107%t03.34 X 107> 1.05x 107!
20 134 (1/5), 670 (3/5), 3,350 (5/5), 16,750 (5/5) 150 X 107> 6.04 X 107* 0 3.72 X 107 1.16 x 107!
21 153 (1/5), 765 (3/5), 3,825 (5/5), 19,125 (5/5) 131 X 107 529X 107%t03.25 x 107> 1.02x 107!
22 155 (1/5), 776 (3/5), 3,880 (5/5), 19,400 (5/5) 129 x 107% 522X 107*t03.21 X 107*  1.00 X 107}
23 161 (1/5), 805 (3/5), 4,025 (5/5), 20,125 (5/5) 125 x 10™* 503 X 107" 10 3.09 X 107>  9.69 x 10~
24 269 (1/5), 1,345 (1/5), 6,725 (2/5), 33,625 (5/5) 120 X 107* 535X 1075103.12 X 107*  1.00 X 1072
25 805 (1/5), 4,025 (3/5), 20,125 (4/5), 100,625 (5/5) 130 X 107* 548 X 107" t0 3.06 X 107*  1.01 X 1072
26 755 (2/5), 3,775 (2/5), 18,875 (4/5), 94,375 (5/5) 133 X 107* 564 X 107°103.15 X 107* 103 X 107
27 759 (1/5), 3,794 (3/5), 18,970 (4/5), 94,850 (5/5) 137X 107* 581X 107510325 X 107* 106 X 1072
28 755 (1/5), 3,775 (3/5), 18,875 (4/5), 94,375 (5/5) : 138 X 107* 584 X 10750 3.26 X 107* 107X 107
Cc4 8 (2/5), 40 (3/5), 250 (4/5), 1,350 (5/5) 132 X 1072 529 X 1073 t0 3.30 X 107%  1.00 X 10°
29 3,220 (0/5), 16,100 (0/5), 80,500 (3/5), 402,500 (5/5) 945 x 107° 395% 107%t0 226 X 107° 716X 10™*
30 3,170 (0/5), 15,850 (0/5), 79,250 (3/5), 396,250 (5/5) 9.60 X 107° 401 X 107°t02.30 X 107> 727X 107*

31 2,207 (0/5), 11,033 (1/5), 55,165 (1/5), 275,825 (5/5), 1,379,125 (5/5)  9.74 X 107° 415 X 10™¢t0 228 X 107> 738 X 10~
32 2,265 (0/5), 11,325 (0/5), 56,625 (2/5), 283,125 (5/5), 1,415,625 (5/5)  9.99 X 1076 425 X 107510 235 X 1075 7.57 X 107*
33 2,447 (0/5), 12,233 (0/5), 61,165 (2/5), 305,825 (4/4), 1,529,125 (5/5)  8.87 X 10~° 361X 10510218 X 105 6.72x 107
34 2,500 (0/5), 12,500 (0/5), 62,500 (2/5), 312,500 (5/5), 1,562,500 (5/5)  9.05 X 1076 385 x 1075 t0 213 X 10~°  6.86 X 10™*
35 2,336 (0/5), 11,680 (0/5), 58,400 (2/5), 202,000 (5/5), 1,460,000 (5/5)  9.69 X 10™® 412X 10750 2.28 X 107°  7.34 X 10™*
36 2,253 (0/5), 11,266 (1/5), 56,330 (1/5), 281,650 (5/5), 1,408,250 (5/5}  9.75 X 10~° 412X 10610 231 X 105 739 X 10™*
37 2,200 (0/5), 11,000 (1/5), 55,000 (3/5), 275,000 (4/5), 1,375,000 (5/5)  9.32 X 10~¢ 398 X 107510 2.18 X 1075  7.06 X 10™*

9 C-1, control for trials 1, 2, 3, 8, 10, 11, 12, 17, and 18; C-2, control for trials 4, 5, 6, 13, 14, and 15; C-3, control for trials 19 through 28; C-4, control for trials 29
through 37.

® Number of oocysts per mouse.

parvum and the effect on its viability, This large difference
between the UV requirement for reducing infectivity and that

for reducing excystation suggests that a large percentage of C. \
parvum oocysts exposed to a low dose of UV irradiation are : 0.1

able to excyst but not infect. Although the excystation assay
may prove to be a useful measure of disinfection with respect
to oocyst viability, it cannot distinguish between infective and

0.01 @
noninfective oocysts (12). Thus, the animal infectivity experi-
ment is the most appropriate evaluation method, given that the

primary area of interest is the infectivity of C. parvum oocysts. 0.001 \

Therefore, in assessing the degree of inactivation by a water \

treatment process from the perspective of public health, the

efficacy of a disinfectant should be evaluated by its effect on 0.0001 : ' '

infectivity. 0.0 0.5 1.0 1.5 2.0
Effects of temperature and intensity. The reductions in in- 2

fectivity observed at various temperatures are shown in Fig. 3. Dose of UV (mWs /cm”)

The UV doses resulting in a 2-log,, reduction in infectivity at FIG. 1. Relationship between the relative infectivity of C. parvum
5, 10, and 30°C were 1.20, 1.07, and 1.02 mWs/cm?, respec- oocysts and the UV irradiation dose.

Relative mfectivity
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FIG. 2. Relationship between the survival ratio as assessed by in
vitro excystation of C. parvum oocysts and the UV irradiation dose.

tively. The observed increase in the dose required for a 2-log,,
reduction in infectivity was only 7% for every 10°C reduction in
water temperature. The CT requirement of chemical disinfec-
tants generally depends on both the temperature and the con-
centration of the disinfectant (5, 13). For instance, the tem-
perature factor of ozone has been reported to be as high as
4.09 (16) or 4.20 (13) for every 10°C reduction in temperature.
However, temperature did not significantly affect the efficacy
of UV irradiation in reducing the infectivity of oocysts in this
study.

The reductions in infectivity observed at various irradiation
intensities are shown in Fig. 4. The UV doses required for a
2-log,, reduction in infectivity at intensities of 0.048, 0.12, and
0.60 mW/cm? were 1.15, 1.20, and 1.34 mWs/cm?, respectively,
indicating that only an 8% increase in the UV dose was re-
quired with a 10-fold increase in intensity. These results
showed that the disinfecting effect of UV on C. parvum oocysts
was dependent on the actual irradiation dose only.

Thus, in practice, UV irradiation can be used to inactivate C.
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FIG. 3. Effect of water temperature on the relative infectivities of
C. parvum oocysts exposed to increasing UV dosages. Symbols: &, 5°C;
0, 10°C; @, 30°C.
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FIG. 4. Effect of irradiation intensity on the relative infectivities of
C. parvum oocysts exposed to increasing UV dosages. Symbols: H,
0.048 mW/cm?; O, 0.12 mW/cm? ®, 0.60 mW/cm?.

parvum oocysts in water without considering the effects of
either water temperature or irradiation intensity. -
Photoreactivation and dark repair in C. parvum following
UV inactivation. The reduction in infectivity of C. parvum
oocysts induced by UV irradiation might not be permanent,
because the DNA lesions of some microorganisms may be
repaired by photoreactivation or dark repair (9). Figure 5
shows the number of ESSs per base in UV-inactivated oocysts
after exposure to fluorescent light. The UV-induced pyrimi-
dine dimers were gradually repaired as the time of exposure to
fluorescent light increased. The number of ESSs decreased by
approximately 30 to 50% after fluorescent-light irradiation at a
dose of 720 mWs/cm?. Figure 6 shows the number of ESSs in
UV-inactivated oocysts after dark storage for various dura-
tions. The UV-induced pyrimidine dimers were gradually re-
paired during storage in the dark. Nonetheless, the number of
ESSs decreased more slowly during dark storage than during
the photoreactivation process. Upon storage in the dark for
24 h, the number of ESSs decreased by approximately 60%,
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FIG. 5. Relationship between the number of ESSs and the dosage
of fluorescent-light irradiation in UV-irradiated (at 0.50 or 1.00 mWs/
em?) C. parvum oocysts. Symbols: 8, 0.50 mWs/cm?, [, 1.00 mWs/cm?.
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indicating that C. parvum has the ability to repair the pyrimi-
dine dimers in the genomic DNA during either exposure to
fluorescent light or storage in the dark.

Table 4 shows the results of the animal infectivity test for
oocysts that had been exposed to fluorescent light after UV
inactivation. Exposure to UV irradiation of 0.50, 1.00, or 1.50
mWs/cm? alone led to a 0.98-, 2.00-, or 3.15-log,, reduction in
infectivity, respectively. The degree of reduction in infectivity

_following photoreactivation in samples that had been exposed
to fluorescent light at a dose of 150 to 720 mWs/cm? after UV
irradiation did not change.

Table 5 shows the results of the animal infectivity test for
oocysts that had been stored in the dark after ipactivation by
UV irradiation. A dark repair period of 4 to 24 h did not
change the degree of inactivation of C. parvum which had been
UV irradiated at 0.5, 1.0, or 1.5 mWs/cm?, based on the animal
infectivity experiments.

Even though UV-inactivated C. parvum oocysts underwent
photoreactivation or dark repair upon exposure to fluorescent
light or storage in the dark, respectively, as observed in the
ESS study, the infectivity of C. parvum oocysts did not change
after either treatment. These results indicate that C. parvum

TABLE 4. Infectivity in SCID mice of C. parvum oocysts exposed
to flnorescent light after UV inactivation

UV irradiation dose Fluorescent-light dose

Log,y, reduction

(mWsfcm?) (mWs/cm?)
0.50 0 0.98
0.50 150 0.93
0.50 300 0.99
1.00 0 2.00
1.00 150 2.00
1.00 300 1.98
1.50 0 315
1.50 180 3.13
1.50 360 3.12
1.50 540 3.17
1.50 720 3.16
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TABLE 5. Infectivity in SCID mice of C. parvum oocysts stored in

the dark after UV inactivation

UV irradiation dose

(mWsfem?) Storage duration (h) Log,, reduction
0.50 0 0.98
0.50 12 1.00
0.50 24 1.01
1.00 12 1.97
1.00 2 1.97
1.50 0 315
1.50 4 313
1.50 12 313
1.50 24 315

did not recover its infectivity following either photoreactiva-
tion or dark repair, although recovery was seen at the DNA
level.

The reasons for this are as follows. (i) Immediately after UV
irradiation of oocysts, the dark repair process begins. There-
fore, the results of the photoreactivation experiment also in-
clude the effects of the dark repair process. (ii) Although
considerable recovery at the DNA level may occur during
photoreactivation or dark repair, some lesions at the DNA
level remain, and those lesions may inhibit the progression of
the life cycle. (iii) Other damage induced by UV irradiation
aside from pyrimidine dimers could not be repaired by photo-
reactivation and dark repair and might play an important role
in infection. From these results, we conclude that UV-irradi-
ated oocysts cannot proceed with their life cycle even if they
are placed in the presence or absence of visible light.

Conclusions. The results of the present study can be sum-
marized as follows.

(i) The infectivity of C. parvum HNJ-1 oocysts decreased
exponentially as the UV irradiation dose. increased. The UV
dose required for a 2-log,, reduction in infectivity was only 1.0
mWs/cm?,

(ii) The dose required for a 2-log, reduction in viability as
assessed by in vitro excystation was approximately 200 times
higher than that required for a 2-log,, reduction in infectivity,
suggesting that C. parvum oocysts exposed to low-dose UV
irradiation are able to excyst but not infect.

(iif) Neither water temperature nor UV ’intensity signifi-
cantly affected the reduction in the infectivity of UV-irradiated
C. parvum oocysts.

(iv) The ESS study revealed that when UV-inactivated C.
parvum oocysts were exposed to fluorescent light or stored in
the dark, photoreactivation or dark repair, respectively, oc-
curred; however, the infectivity of C. parvum oocysts was not
restored. These results indicate that the life cycle of UV-irra-
diated oocysts cannot proceed even when they are placed in
the presence or absence of visible light.
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ABSTRACT

UV disinfection is noted to have some problems, one of which is photoreactivation. Photoreactiva-
tion allows inactivated microorganisms to regain viability following UV disinfection. The objective
of this study is to determine the susceptibility of enterohemorrhagic Escherichia coli (EHEC) 026,
vancomycin resistant Enterococcus (VRE), and Pseudomonas aeruginosa to UV radiation and photore-
activation. The conclusions obtained in this study can be summarized as follows. EHEC 026 exhibited
apparent inactivation under sunlight after photoreactivation following UV inactivation. VRE exhib-
ited apparent photoreactivation. The dose of UV light required for 90% inactivation of VRE with and
without photoreactivation was 10.9 and 24.2 mW sec/cm?, respectively. P. aeruginosa exhibited appar-
ent photoreactivation under fluorescent lamp and weak regrowth under dark conditions following UV
inactivation. The dose of UV light required for 90% inactivation of P. aeruginosa with and without
photoreactivation was 4.1 and 5.2 mW sec/cm?, respectively.

KEYWORDS

enterohemorrhagic Escherichia coli; photoreactivation; Pseudomonas aeruginosa; UV disinfection; VRE

INTRODUCTION

Chlorination has been used for most wastewater disinfection operations in Japan for many years, but
alternative wastewater disinfection methods have been developed due to growing concerns regarding the
toxicity of chlorine residuals (Water Environment Federation, 1996). UV irradiation has become one
of the most important alternatives to chlorination for wastewater disinfection throughout the world.
Recently, reevaluation of UV dose required for Cryptosporidium inactivation showed that UV is far
more effective than it had been thought to be (Clancy et al., 2000). One problem of UV disinfection is
photoreactivation. Photoreactivation is the repair of the photochemical damage to DNA in organisms
under visible light irradiation (Water Environment Federation, 1996). This repair mechanism allows
inactivated microorganisms to regain viability following UV disinfection.

Many researchers have studied the photoreactivation of indicator and non-human pathogenic microor-
ganisms following UV disinfection (Harris et al., 1987; Schonene and Kolch et al., 1992; Lindenauer
and Darby et al.,, 1994; Chang et al.,1995; Kashimada et al., 1996). However, there has been little
research on the photoreactivation of pathogenic microorganisms. The question remains, to what ex-
tent should photoreactivation be taken into consideration during the design of the disinfection process?
Photoreactivation of enterohemorrhagic Fscherichia coli was already studied under luminescent lump
(Tosa and Hirata, 1999), but not under sunlight yet. One of the objectives of this study is to determine
the photoreactivation of enterohemorrhagic Escherichia coli (EHEC) 026 under sunlight following UV
disinfection. Secondly, we determined the susceptibility to UV and photoreactivation of Pseudomonas
aeruginosa and vancomycin resistant Enterococcus (VRE). Pseudomonas aeruginosa is known as an
opportunistic pathogenic bacterium and an indicator bacterium of water treatment. FEnterococcus is
also known as an opportunistic pathogenic bacterium and an indicator bacterium of water pollution.
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MATERIALS AND METHODS

Bacterial Strains

One strain of enterohemorrhagic Escherichia coli 026 was provided by Prof. M. Fukuyama, College of
Environmental Health, Azabu University. One strain of vancomycin resistant Enterococcus was provided
by Public Health Research Center of Chiba Pharmaceutical Association. One strain of Pseudomonas

aeruginosa was isolated from river water by using NAC agar method and identified by API20E system
(BIOMerieux).

EHEC 026 was spread on tryptic soy agar (Difco Laboratories, Detroit) and incubated at 36 °C for
24 hours. P. aeruginosa and VRE were spread on plate count agar and incubated at 36 °C for 24
hours. Several colonies that formed on the plate were suspended in 10 ml of 6 mM phosphate buffer
(pH 7.0) and homogenized using a mixer. The suspension was diluted to the bacterial density of about
10° CFU/ml in 500m! of 6 mM phosphate buffer (pH 7.0) in a glass beaker held at 20 °C.

Ultraviolet Light Disinfection

UV treatment was carried out in a batch disinfection device. A beaker containing the bacterial suspen-
sion mixed with a magnet bar was placed on a magnetic stirrer. A 25W UV lamp (GL-25, NEC, Tokyo)
was horizontally suspended 60 cm above the liquid surface. After the appropriate time the irradiation
was stopped and a sample was taken for plating out. Incident UV intensity at the liquid surface was
measured at 254 nm with a dosimeter (UVR-254, TOPKON, Tokyo).

Visible Light Irradiation

Visible light irradiation was carried out in a batch irradiation device. A 15W fluorescent lamp (Lumicrystal-
15N, Mitsubishi, Tokyo) was horizontally suspended about 15 cm above the liquid surface. A beaker
containing the UV-treated bacterial suspension mixed with a magnet bar was placed on a magnetic
stirrer. Samples were taken after timed intervals for plating out. Incident visible light intensity at the
liquid surface was measured at 360 nm with a dosimeter (UVR-1 and UVR-36, TOPKON, Tokyo).

Sunlight irradiation was also carried out in a batch irradiation system. UV irradiated samples are
carried outside from the laboratory and irradiated to sunlight. The beaker was covered by quartz glass
for inhibiting contamination during sunlight irradiation.

Bacterial Assay

Most samples were diluted with 6 mM phosphate buffer solution (pH 7.0) and poured with the same
agar as cultured before inoculation to water. Some samples with low bacterial density were concentrated
by the membrane filtration technique and the filter was placed on the agar.. After a 24-hour incubation
at 36 °C in a dark place, the colonies that formed on the plates were counted.

Modeling

Kashimada et al. (1996) assumed that photoreactivation follows a saturation-type first order reaction.
However, this assumption cannot be applied to the photoreactivation process with the higher UV doses
used in this study, because a shoulder was seen at the start of photoreactivation. Consequently, data
from this shoulder was omitted in modeling. Survival data were treated according to Chick-Watson’s
law. However, the relationship between UV dose and survival ratio of bacteria does not always follow
Chick-Watson’s law. Convex curves were analyzed using the series-event model in this study (Severin
et al., 1983). UV doses required for 90% inactivation were then computed from these models.
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RESULTS AND DISCUSSION

Photoreactivation of Pseudomonas aeruginosa

The relationship between the survival ratio of VRE and visible light dose is shown in Figure 1. Apparent
photoreactivation was observed in P. aeruginosa, while a weak increase in the survival ratio occurred
under dark conditions following UV disinfection. Photoreactivation in P. aeruginosa(S21) was signifi-
cant but not significant in P. aeruginosa(ATCC 15442) and P. aeruginosa(ATCC 15442 mutant ml)
(Hassen et al., 2000). Variation in the photoreactivation of P. aeruginosa exists.

Dukan et al. (1997) suggested that recovery in phosphate buffer of an HOCl-stressed population is in
large part due to growth of a few cells at the expense of damaged cells. Moreover, dark repair may occur
in the growing medium during incubation under dark conditions. In this study increases in survival
ratio occurred under dark conditions and the survival ratios reached to over 1.0 after low UV doses.
Thus, increases in survival ratio of P. aeruginosa includes regrowth of surviving cells.

Under Light Condition Under Dark Condition
101 ——r 10 ——
Y Iy S 1
10° & L | | 10° demes ST
10” AL | O Ha i - 10”" =
82 L P — 8 ﬁﬁ ——— i
S 107 S 107 ' =
© ©.
2 - 2 - —
= 107° 0 T T — = 107" |}
> 3 B2
» = )
([ — e 107 e
10° e 107 o %g
T )
107 107
0 1 2 3 0 1 2 3
Visible Light (Fluorescent Lamp) Dose (mW sec/cmz) Visible Light (Fluorescent Lamp) Dose (mW sec/cmz)

Figure 1: Photoreactivation of Pseudomonas aeruginosa

Photoreactivation of EHEC 026 under Sunlight

The relationship between the survival ratio of EHEC 026 and visible light (sunlight) dose is shown in
Figure 2. Apparent photoreactivation was observed in EHEC 026 under sunlight, while a decrease in
the survival ratio occurred under intense sunlight following UV disinfection. No increase in the survival
ratio was observed in EHEC O26 not irradiated to UV, while a decrease in the survival ratio of EHEC
026 was observed under intense sunlight. These decreases in the survival ratio were observed after
about 100 mW-min/cm? irradiation of sunlight (visible light).

Photoreactivation of EHEC 026 under luminescent light was already reported (Tosa and Hirata, 1999).
This study shows photoreactivation following UV disinfection may occur under sunlight, but inactivation
may also occur under sunlight following photoreactivation. No repair for Salmonella was observed after
a 60 mW sec/cm? irradiation and a 24-hour incubation (Baron, 1997). That result may be due to
sunlight inactivation as observed in this study. 30
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Figure 2: Photoreactivation of EHEC 026 under Sunlight

Photoreactivation of Vancomycin Resistant Enterococcus

The relationship between the survival ratio of VRE and visible light dose is shown in Figure 3. Appar-
ent photoreactivation was observed in VRE, while no increase in survival ratio in VRE was observed
following UV disinfection under dark condition. Even decreases in the survival ratio were observed after

some UV doses.
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Figure 3: Photoreactivation of VRE
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Comparison of UV Dose Required for 90% Inactivation of Tested Bacteria

The UV doses required for 90% inactivation of tested bacteria are shown in Figure 4 (Tosa and Hirata,
1999). VRE was the most UV resistant bacteria tested, while P. aeruginosa and EHEC were weaker.

The UV doses required for 90% inactivation of VRE with and without photoreactivation was 10.9
and 24.2 mW sec/cm?, respectively. The UV doses required for 90% inactivation of E. coli (ATCC
11229) without photoreactivation was 2.5 and 7.0 mW sec/cm? respectively (Harris et al., 1987). VRE
may be significantly more resistant to UV disinfection than E. coli (ATCC 11229). From the results
of Kashimada et al. (1996), the UV dose required for 90% inactivation of fecal coliforms, with and
without photoreactivation, is computed to be 24 and 5.2 mW sec/cm?, respectively. These values
indicate that fecal coliforms are not more resistant without photoreactivation to UV disinfection than
VRE but as resistant without photoreactivation as VRE. Therefore, fecal coliforms may not be useful
as an indicator of VRE in the UV disinfection process for non-photoreactivating conditions. However,
photoreactivation improved the survival of the investigated VRE to more effectively than that found
in Escherichia coli (ATCC 11229) (Harris et al., 1997), but as effectively as has been observed in fecal
coliforms (Kashimada et al., 1996). These findings suggest that fecal coliforms could be used as a
removal indicator of VRE during the UV disinfection process for photoreactivating conditions.

T T T T 1 T N T

90% Inactivation with Photoreactivation

P. aeruginosa 99% Inactivation without Photoreactivation

90% inactivation without Photoreactivation

]

EHEC 026

0 5 10 15 20 25 30
UV Dose (mW sec/cmz)

Figure 4: Comparison of UV Dose Required for 90% Inactivation of Tested Bacteria

Many researchers have reported the effect of water transparency on UV disinfection efficiency. This
minus effect is usually estimated by considering UV dose decreases in the target water. UV dose
decreases are estimated by determining UV absorbance at 254 nm in target water (Kamiko and Ohgaki,
1989). This estimation method is being widely used and our data will be useful after UV dose is
calibrated by this estimation. Photoreactivation may also be affected by water transparency, and the
effect may be estimated by similar method used for estimation of UV dose decreases in water. The
difference between inactivation and photoreactivation will be the wavelength of water transparency to
determine. For now we have presented only basic data on photoreactivation of three bacteria, but our
data is useful for further photoreactivation studies or design of UV disinfection processes if combined
with some UV /Visible light decrease estimation methods mentioned above.
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CONCLUSIONS

The conclusions obtained in this study can be summarized as follows. EHEC 026 exhibited apparent
photoreactivation under sunlight following UV inactivation. VRE exhibited apparent photoreactivation.
The dose of UV light required for 90% inactivation of VRE with and without photoreactivation was
10.9 and 24.2 mW sec/cm?, respectively. P. aeruginosa exhibited apparent photoreactivation under
fluorescent lamp and weak regrowth under dark conditions following UV inactivation. The dose of UV

light required for 90% inactivation of P. aeruginosa with and without photoreactivation was 4.1 and
5.2 mW sec/cm?, respectively.
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