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ABSTRACT
To examine the effects of turbidity on the inactivating
efficacy of low-pressure UV against oocysts of
Cryptosporidium parvum HNJ-I strain, two experimental
systems, a separated system and a mixed system, were
designed. In the separatedsystem, the UV was irradiated in
a qvafizchamber filled with turbid water and the UV passed
through the quartz chamber was irradiated onto the oocysts
suspendedin purified water. In the mixed system, IJV was
directly irradiated onto the oocysts suspended in turbid
water. As a source of turbidity, sludge from a water purification facility was used. Infectivity was determined by the
animal infectivity test using SCID mice. IJV was assumed
to decreaseits intensity in the mixed system in accordance
with the Lambert-Beer's Law, and therefore the averageUV
dose delivered to the oocysts was estimated by integrating
the I'JV intensity from the surface to the bottom of the suspension.UV intensity showeda significant depletionin turbid water and resulted in turbidity-dependent decrease in
infectivity; however, little difference was found among the
relationships between the averageirradiation dose delivered
and infectivity reduction. Thus, it can be concludedthat the
inactivating efficacy per unit dose of UV delivered to the
oocysts was identical in purified water and in turbid water.
INTRODUCTION
Waterborneoutbreaksof cryptosporidiosis associatedwith
contaminatedsurfacewater supplies have been documented in many countries (Atherton eI al., 1995, Kramer et al.,
1996). Nowadays, it is believed that Cryptosporidium
parvum oocysts are ubiquitous in river environments and
the concentrations in source river waters can be as high as
104 oocysts/l00 L (LeChevallier et al., 1991, Rose et al.,
1991, Hashimoto et al., 2002). Although rapid sand filtration, a most popular water purification process for water
supplies,was demonstratedto have an ability to remove C.
parvum oocysts by 2 to 3 logs (LeChevallier et al., 1995,

Hashimoto eI a1.,2002),the removal rate may be insufficient to eliminate the risk in casethe sourcewater is strongly contaminated.Chlorination has been used as a final disinfection processin many water supplies,but the oocystsof
C. parvum were verified to be insensitive to the disinfection levels routinely used (Korich et a1., 1990, Gyurek et
al.,1997, Hirata et al., 2000). Thus, thgre is a great interest
in developing an alternativeand more effective disinfectant
to inactivate such recalcitrant microorganisms.
IJV irradiation has been consideredineffective for inactivating C. pdrvum oocysts because of extremely high
resistanceof their viability to UV, as assessedby in vitro
excystation and vital dye methods (Campbell et al., 1995,
Lorenzo et al., 1993, Ransomeet al., 1993). Recently,the
infectivity of the oocysts was verified as.highly sensitive
to UV. ReportedUV dosesrequiredfor a2log10 reduction
in infectivity of C. parvum oocysts were extremely low;
around 2 mJlcm'for cell infectivity assessedby cultured
HCT-8 or MDCK cells (Landis et a1.,2000,Linden et al.,
2000, Shin et al., 1999) and around I mJlcrfi for animal
infectivity assessedby SCID mice (Morita et al., 2002).
Thus, UV irradiation has emergedas a promising disinfection technology for reducing the infectivity of C. parvam
oocysts in water.
There are some issues to be clarified prior to practical
introduction of UV irradiation for water disinfection. They
include photoreactivation, dark repair (Harris el al., 1987,
Lindenauer et al., 1994, Water Environmental Federation,
1996) and adverse effect causedby suspendedmatters in
water and wastewater.As for the photoreactivation and
dark repair, Oguma et al. (2001) and Morita et al.(2002)
have demonstrated that the UV inadiation produced
pyrimidine dimers on the DNA of C. parwm and the
induced dimers returned to the original monomer through
both the processesof photoreactivation (fluorescent light
irradiation) and dark repair (storagein the dark), as deter-

mined by endonucleasesensitive site assay.Nevertheless,
any recovery was never observed in mouse infectivity in
every trial; more exactly, any difference was not observed
in mouse infectivity between the oocysts just after IJV
irradiation and the oocysts followed by photoreactivation
or dark repair treatment, as evaluated by excretion of
oocysts in feces (Morita et a1.,2002).
The remaining issue to be made clear is the adverseeffect
ofturbidity on the efficacy oflIV irradiation (Jolis et al.,
2001). Therefore, in this study, experimental assessment
was carried out to examine the effect of turbidity on the
efficacy of UV for reducing animal infectivity of C.
parvum oocysts.

Pr e-Treotm ent of Sludge
Sludge from a water purification facility treating river
water with a rapid filtration system (coagulation with
alum, flocculation, sedimentation and rapid sand filtration) was used for the experiment as a source of turbidity.
The sludge was diluted with distilled water and sterilized
with chlorination (at 3,000 mg/L for 5 minutes) and UV
irradiation (over 20,000 mJ/cm') before use. Treated
sludge suspensionwas diluted using sterilized tap water
to an arbitrary concentration. Turbidity ofthe sludge suspension was determined by measuring the absorbanceat
660 nm with a spectrophotometer(UV-I50-02, Shimadzu
Co., Tokyo, Japan) and converted to the nephelometric
turbidity units (NTU).

M A T E RI A LS AN D M ET H O D S

parvumOocysts
Cryptosporidium
The C. parvum HNJ-I strain (genotype II, originally isolated from a human patient by Dr. M Iseki, Osaka City
University of Medicine at that time), which was passaged
in SCID mice (C.B-17llcr, CLEAJapan Inc, Tokyo, Japan)
at the ResearchInstitute of Biosciences,Azabu University,
was used in this study. Fresh feces from several infected
mice were collected in 500 mL of purified water, emulsif,red,and filtered through a 0.l-mm mesh nylon sieve. The
crude oocyst suspension (20 mL) was underlaid with
sucrosesolution (specific gravily of I . l0 at 20EC) to centrifuge at 1,500 x g at 4oC for 15 minutes. The interface
and upper layer were recovered, diluted with 150 mM of
pH 7 .4 phosphate-bufferedsaline (PBS; 0.20 g of potassium dihydrogenphosphate,0.20g of potassiumchloride,
1.15 g ofdisodium hydrogenphosphateand 8.0 g ofsodium chloride in 1 liter of distilled water) containing 0.lo/o
(v/v) Tween 80 and then, centrifuged at 1,500 x g at 4oC
for 15 minutes. The precipitate was diluted with PBS containing 0.1% (vlv) Tween 80 to a final volume of 20 mL.
The suspensionwas underlaid with sucrose solution and
centrifuged at 1,500 x g at 4oC for 15 minutes. Then the
interface was recovered and recovered oocysts were
washed with PBS containing 0.1% (vlv) Tween 80 four
times by centrifugation in order to remove fecal matter.
The stock of purified oocysts was stored in PBS at 4oC
and used in experimentswithin 5 days.
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EXPERIMENTAL CONDITIONS
Two experimental designs, a 'separated' system and a
'mixed' system, were used for evaluating the effects of
turbidity on the efficacy of UV for inactivating C.
parvum oocysts. The experimental conditions are summarized in Table I for the separatedsystem and Table II
for the mixed system. Every run was conducted at the
temperature of 20'C.
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UV lrradiation in the'Separated' System
Experimental equipment for the 'separated' system is
shown in Figure 1. In this system, a quartz chamber (light
passlength 10 mm) was placedjust above a petri dish. The
quartz chamber was frlled with various concentrations of
sludge suspension.A small portion of a purified C. parvum
oocyst suspensionwas put into the petri dish (inner diameter of 56 mm) containing 20 mL of 150 mM PBS to give a
final concentrationof 106 oocystsper mL. The sludgeconcentration of water in the quartz chamber was adjusted to
three different turbidities of 63, 140 and290 NTU to allow
75, 50 and 25%otransmissionof UV254 through the chamber, respectively. A 5W low-pressure mercury lamp
(QCGL5W-I4 9TD,Iwasaki Electronic,Co., Ltd., Tokyo,
Japan) was placed at the height where the intensity of
delivered UV to the surface of the oocyst suspension
through a frlled quartz chamber with purified water was to
be just 0.10 mWcm2. During UV irradiation, both the
oocyst suspensionin petri dish and the sludge suspension
in quartz chamber were gently agitated using electromag-

netic stirrers.UV intensity delivered to the oocystsat arbi
trary depth of the oocyst suspension in purifred water was
considered identical to the UV intensity at the surface of
the suspension.UV irradiation dose to the oocyst suspension was adjustedby controlling the exposuretime.

L ornt-pressure m erc*ry lamp

Low-pressr:remercwy hmp

Oocyslsand
Magnetic stirrer

Figure 2. UV itadiation

Magnetic slirrer
Figure 1. UY inadiation equipmentfor the separated system.

UV lrrodiotionin the'Mixed' System
Experimental equipment used for the 'mixed' system is
shown in Figure 2. In this system, the oocysts suspended
in turbid water were directly inadiated with an intensity
of 0.10 mW/cm2 of UV at the surfaceof the suspension.
The turbidity of the mixed suspensionswas adjusted to
three different degrees of 63, 190 and 560 NTU to give
UV transmittancesof 0.14, 0.39 and l.l4 cm-l, respectively. Differed from the separated system, LambertBeer's Law expressedby following equation was applied
to estimate the UV intensity in a given depth of the mixed
suspension,as the UV was significantly absorbedby the
mixed suspension.

I x: Io erg(-Ax) u
where, Ix is UV intensity (mWcm2) at an arbitrary depth
(x) from the surface of mixed suspension,I0 is UV intensity at the surface of the mixed suspension,and A is the
extinction coefficient of UV at wavelength 254 nm.
Average UV dose Iav delivered to the oocysts was estimated by integrating the UV intensity from the surfaceto
the bottom of the mixed suspension,given by the equation.

Iav: t I nf ndx r2r
where, R is the thickness of the mixed suspension,and Ix
is IJV intensity at an arbitrary depth x in mixed suspension. The mixed suspension was constantly agitated
throughout the UV irradiation. Complete mixing in the
oocyst suspensionwas assumedto calculate the average
dosageIav delivered to the oocysts.

equipment for the mixed system.

lnfeaivity
Infectivity was determinedin animal infectivity testsusing
SCID mice in a specific pathogen-freeareaat 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 one-week conditioning for adaptationto the new
cage. Five mice were used per dilution. Five-fold serial
dilutions were made using sterilized tap water.
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An aliquot (0.5 mL) of the selected dilution senes was
administered orally to each mouse. Four weeks after oral
administration, fresh feces from individual mice were collected,suspendedin 50 mL of purifred water and emulsified
using a vortex mixer. A 5-mL sampleof the suspensionwas
overlaid on 8 mL of sucrose solution and centrifuged at
1,500 x g aI 4EC for 15 minutes. The interface was recovered, and approximately I mL of the supematant was filtered through a25-mm cellulose acetatemembrane disk filter (pore size 0.8 micrometers).The filter then was stained
with immunofluorescentantibodiesagainstoocyst wall protein (Hydrofluoro Combo Kit, Strategic Diagnostics Inc.,
DE, USA) and observedunder an epifluorescentdifferential
contrast microscope (BX-60, Olympus, Tokyo, Japan) at
magnification of 400x in order to determinethe.presenceor
absenceof oocysts.The Most ProbableNumber (MPN) was
calculatedfrom the ratios of oocyst-positivemice to administrated, using the MPN program developed by Hurley and
Roscoe, 1983. The relative infectivity (Ir) of each sample
was calculatedusing the equation

1r: [MPNa] / [MPNo] r,r
where, MPNa is the Most Probable Number of oocysts
after UV irradiation, and MPNo is the Most Probable
Number of oocysts before UV irradiation.

UVCalc Now Online!
UVCalc is a Software Program for UV
ReactorsDesignedto Calculate:
oAverage .FluenceRate (kradiance) and
hencethe Fluence(UV Dose)
oFluence Rate (Irradiance) Distributions
Now for a limited time, you can submit
parilmeters online for a Free Calculation.
Send for your copy of the Booklet
'6lJltraviolet Application s Han dbook"
by JarrrcsR Bolton, PhD.
Price: $10 (US) + S&H
Mastercard and Visa accepted

Inc.
Bolton Photosciences
AB,
628CheritonCres.,NW, Edmonton,
CanadaT6R 2M5
jbohon@bohonuv.com

t2

RESULTSAND DISCUSSION

Efficacy
of UV
of Inoctivotion
Pre-Evoluation
To assessthe inherent efftcacy ofdirect (JV irradiation to
the oocysts, the oocysts suspendedin purified water were
placed in the petri dish and directly irradiated with UV
using the experimental equipment for the mixed system.
Results are shown in Figure 3. Infectivity decreasedexponentially as UV dose increased;i.e., the number of log10
reduction increasedlinearly with irradiated UV doses.The
IJV dose required for 1,2 and 4 log10 reduction in infectivity was 0.48,0.97 and 1.92 mJlcrrt, respectively.
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Figure 3. Relationshipbetweenrelative infectivity of C.parvum
oocystsand measuredUV doseirradiated to the oocystsin
purified water.

Relative infectivity 1r, i.e., the ratio of remaining infectivity of C. pdrvum after UV irradiation to the initial infectivity, can be describedby the following expression:
Ir:

e--

t4l

where, k is kinetic inactivation rate (cm'lmJ), and D is UV
dose irradiated to the oocysts (mJ/cm').
IJV was highly effective for reducing mouse infectivity of
C. parvum oocysts, showing the value k in purified water
was as large as 4.378 cnflml. The UV dose required for a
2 log10 inactivation was as small as 1 mJ/cm-, much
smaller than the minimum dose of 16 mJ/cm2 recommended by the U. S. Department of Public Health fot a2
logl0 reductionof bacteria.
Efficacy of UV PassedThrough Turbid Water
Figure 4 shows the reduction in infectivity of the oocysts
suspendedin purified water in the 'separated'system.UV
dose delivered to the oocyst suspensionat the turbidities
of 63, 140 and290 NTU was 0.50, 1.00 and 1.50 mJ/cm'
and observed log10 reductions in infectivity were 1.08,
2.04 and 3.01, respectively. The kinetic inactivation rate
was calculated to be 4.618 cm'lmJ; almost the samevalue
observed in the direct irradiation with UV to the oocysts
in purified water (shown in Figure 3). The observedrelationships between UV dose delivered to the oocysts and

resulting infectivity reductions were almost the same as
those found in direct irradiation, as far as the oocysts that
were suspended in purified water. Thus, any adverse
effect was not observed in the remaining LIV passed
through the turbid water.

>r

-o

It may be suspectedthat the inactivation efficacy of UV
irradiation is affected by the turbidity. In other words, the
inactivation e{ficacy ofUV dosesdelivered to the oocysts
may be adversely affected by the presenceof UV-absorbing materials (mainly suspendedmatters in the present
study). Another possible explanation is that the assumption of complete mixing in the mixed suspensionis inappropriate for the present experiments becauseof insuffrcient agitation. Indeed, it is very difficult to agitate the
suspensionso vigorously, insofar as a thin petri dish and a
small electromagneticstirrer are used.
TubleIII. Thekinetic inactivationrate of C.parvum by UV
itadiation.
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Figare 4. Relationship bet'vveenrelative infectivity of C.
parvum oocysts and measured UV dose irradiated to the
oocysts in the separated system.

Efficocy
of UVinTurbidWoter
Figure 5 shows the results of the reduction in infectivity in
the 'mixed' system. Estimated kinetic inactivation rates
were 4.125,3.910 and 3.707 cm'/mJ at the turbidities of
63, I90 and 560 NTU, respectively (shown in Table III).
Compared with UV efficacy in purified water, achieved
reduction in infectivity showed a tendency to decreasethe
efficacy of UV as the turbidity of oocyst suspension
increased. However, the adverse effect of turbidity was
small, maximal 20o/oin kinetic inactivation rate at the
highest turbidity of 560 NTU.

Kinetic inactivation
rate (cm'/mJ)

0

4.378

63

4.125

190

3.910

560

3.707

To make clear the possibilify of insufficient agitation, the
averageinfectivity reduction in the stationary statewas calculated assumingthat (1) UV intensify at a given depth in
mixed suspensiondecreasesin accordancewith LambertBeer's Law, (2) individual oocyst stands throughout the
duration of irradiation at the place where it is at the beginning of IJV inadiation, (3) the kinetic inactivation rate is
4.378 cm'/mJ (observed rate in direct inadiation to the
oocystsin purified water), (4) infectivity reduction depends
only on the net dose of UV delivered to the oocysts.From
these assumptions,the delivered UV dose Dx at arbitrary
depth x can be expressedby the following equation:
Dx:

Ixt

t5l

where, / is the irradiation time of UV.
Relative infectivity 1rx exposedto UV dose of Dx can be
expressedas follows:
.l

0.1

llra -

.9

';

g-4.378Dx ,u.,

o.ol
where 4.378 is the kinetic activation rate (cm'lmJ).

€
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Then, the predicted average relative infectivity Irav is
given by following equation:

o.0001
00 . 5

11. 52
2)
Dose ofUV (mJlcm

Figure 5. Relationship between observed relative infectivity of
C. parvum oocysts and estimated average UV dose ircadiated
to the oocysts in the mixed system.

Irav: 1 I RJIlrx dx 14
Predicted results of average reduction in infectivity are
shown in Figure 6. Differences in infectivity reduction
between those observed in the mixed system and predicted assuming stationary state were insignificant at the turbidity of 63 and 190 NTU. However, it is apparent that
predicted infectivity at the turbidity of 560 NTU was sig-

t3

nificantly smaller than observedin the mixed system,suggesting that the agitation given in the mixed system was
insufficient to assume complete mixing. Thus, the
observedlower inactivation in the mixed system would be
due to insufficient agitation.
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coNcLUsroNs
The results of the present study can be summarized as follows:
1. The infectivity of C. parvum HNJ-I
oocysts decreasedexponentially, as the
UV irradiation dose increased.The UV
doserequired for a21og10 reductionin
infectivity was only 1.0 mJ/cm'zin purified water, when infectivity was determined by mouse infectivity.
2. UV intensity decreasesin turbid water and
the achieved inactivation level was
reduced depending on UV-absorbing
nature of the water. However, the inactivating effrcacy per unit dose of delivered
IJV to a given depth where the oocystsare
presentcan be consideredto be identical
in purified water and in turbid water.
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