






































































































































































viability could be determined. 

80 

Our results show that DAPI 

stained the nuclei of sporozoites within viable oocysts as 

well as those that were not viable as judged by infectivity. 

Thus the mere presence of DAPI positive nuclei in sporozoites 

within oocysts is a highly questionable and non-reliable 

criterion for oocyst viability. The concept of dual staining 

with DAPI and PI, however, merits further exploration because 

it could identify the nonviable DAPI stained oocysts by 

staining them with PI. 

Thus, neonatal mouse infecti vi ty and in vitro excystation 

(%TSY) are not practical for determining the viability of 

individual oocysts, while oocyst morphology and vital dyes are 

not reliable indicators of oocyst viability. Despite its 

tendency to overestimate oocyst viability, the inability to 

bind MAb OW64 offers a third method for producing a workable 

viability test. Such a test would have the advantage of 

compatibility with existing antibody based methods that are 

used to identify oocysts in environmental samples. In its 

present state of development, however, the MAb OW64 binding 

assay cannot be recommended as a reliable test of oocyst 

viability. Further investigation into the exact location of 

OW64 binding sites, their nature and specificity, and how the 

sites become uncovered as the oocysts age would be useful and 

could improve the ability to predict viability. Additionally, 

the nonviability of oocysts that bind MAb OW64 needs to be 
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demonstrated unequivocally by mouse infectivity studies using 

oocysts separated by a fluorescence activated cell sorter. 

In the long run, development of a trustworthy viability 

assay must be accompanied by improved methods for isolating 

and identifying ~ parvum oocysts from water sources. There 

is also a need to define the infective dose of oocysts for 

humans. until such methods and information are generated, 

assessing the risk associated with waterborne cryptosporidium 

oocysts will remain unsettled. 
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CONCLUSIONS 

The following conclusions can be drawn from this 

research: 

1) In vitro excystation expressed as %TSY accurately 

predicts the infectivity of oocysts for neonatal mice. 

2) Oocysts held at higher temperatures lost infectivity 

faster than those held at lower temperatures. 

3) Determining oocyst viability by phase contrast 

microscopic appearance is inaccurate due to the subjective 

nature of the determination. 

4) As shown by the DAPI staining of sporozoite nuclei 

inside obviously nonviable oocysts, merely detecting 

sporozoites within does not signify that an oocyst is viable. 

5) The eight dyes tested did not provide reliable clues 

to oocyst infectivity. 

6) Correlation and linear regression analysis show that 

MAb OW64 can predict oocyst infectivity with a low level of 

sensitivity. This needs to be confirmed by infectivity 

studies utilizing a fluorescence activated cell sorter. 
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INTRODUCTION TO THE APPENDED PAPER 

EXPLANATION OF THE PROBLEM AND ITS CONTEXT. The potential for 

waterborne transmission of cryptosporidium has been well 

documented and this organism is now recognized worldwide as a 

leading cause of diarrhea (Crawford and Vermund, 1988; Fayer 

and Ungar, 1986; Rose, 1988). The environmentally hardy 

oocyst stage that is excreted in large numbers in the feces of 

infected individuals is resistant to the action of most 

commonly used disinfectants (Campbell et al., 1982; Reduker 

and Speer, 1985). ~ parvum oocysts are routinely stored in 

2.5% potassium dichromate where they retain their infectivity 

for more than six months (Current, 1986). They remain 

infectious after treatment with cresylic acid, sodium 

hydroxide, iodophore, 2 to 5% sodium hypochlori te, 

benzalkonium chloride, and two aldehyde based disinfectants. 

Very strong disinfectants such as full strength commercial 

bleach, household strength ammonia solution, and 10% 

formaldehyde abolish the infectivity of oocysts (Angus et al. , 

1982; Campbell et al., 1982; Current, 1984). In light of 

these studies, although they did not specifically address the 

use of disinfectants in drinking water treatment, it is 

probable that the most widely employed agent, chlorine, would 

not prevent the waterborne transmission of Cryptosporidium 

infection. 

The effectiveness of disinfectant treatment of drinking 
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water has been determined for bacteria, viruses, and Giardia 

but there is little about the effects of such treatment on 

Cryptosporidium oocysts. 

EXPLANATION OF DISSERTATION FORMAT. The foregoing chapters 

describe the research relating specifically to development of 

a viability test for cryptosporidium oocysts. Additional 

relevant research performed by this author concerning the 

effects of selected disinfectants on oocyst viability is 

presented in the previously published paper reproduced in the 

Appendix. This research introduced the concept of using 

infectivity to verify in vitro excystation measurements of 

oocyst viability and showed that factoring in the number of 

oocysts produced during in vitro excystation improved 

reliability of the viability determinations. These ideas 

relate directly to development of the approach used in the 

search for a viability test. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are 

presented in the paper appended to this dissertation. The 

following is a summary of the most important findings of this 

paper. 

with the possible exception of ozone, the use of 

disinfectants alone should not be expected to inactivate ~ 

parvum oocysts in drinking water. Measurements of oocyst 

viability by in vitro excystation and infectivity showed that 

ozone and chlorine dioxide are more effecti ve than free 

chlorine for inactivating ~ parvum oocysts. More than 90% of 

oocysts treated with 1 ppm (1 mg/l) of ozone were inactivated 

after five minutes whereas one hour treatment with 1.3 ppm 

chlorine dioxide or 90 minutes treatment with free chlorine or 

monochloramine were needed to produce the same result. 

Disinfectant effectiveness was measured by uptake of the 

vital dyes propidium iodide and fluorescein diacetate, in 

vitro excystation, and neonatal mouse infectivity. When 

compared to infectivity, the vital dyes proved to be 

unsuitable for predicting oocyst viability. Simple percent 

excystation provided unreliable viability estimates for 

oocysts exposed to high disinfectant concentrations or to 

extended exposures to lower concentrations. These oocysts 

appeared to have excysted when, in fact, their contents had 

been destroyed by disinfectant action. Counting these oocysts 
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resulted in a large apparent percent excystation for oocysts 

that were not infective. Factoring sporozoite production into 

the excystation calculations, however, gave reasonably good 

agreement between in vitro excystation and infecti vi ty as 

indicators of oocyst viability. Neonatal mouse infectivity 

was the most reliable indicator of oocyst viability under all 

experimental conditions tested. The 1Dso for new oocysts was 

found to be approximately 60 oocysts. Dose titrations based 

on this value were used to measure the infectivity of 

disinfectant treated oocysts. This method was very sensi ti ve 

because autoinfection by thin-walled oocysts and recycling of 

type I meronts ensures that only a small number of oocysts is 

needed to produce a conspicuous infection. Therefore, 

examining tissues of the terminal ileum provided unequivocal 

evidence of ~ parvum infection. 



APPLIED AND ENVIRONMENTAL 
MICROBIOLOGY 

VOLUME 56. MAY 1990. NUMBER 5 

Lan G. Ljungdahl. Editor in Chief(1990) 
University of Georgia 

Jane Gibson. Editor (1994) 
Cornell University 

Kenneth W. Nickerson. Editor 
(1992) 

Athens 

Ithaca. N. Y. 

University of Nebraska 
Lincoln Robert A. Bender. Editor (1992) 

University of Michigan 
Ann Arbor 

Ronald L. Crawford. Editor (1992) 
Uni\'ersity of Idaho 

Robert J. Maier. Editor (1990) 
Tire Johns Hopkins Uni\'ersity 
Baltimore. Md. 

Barrie F. Taylor. Editor (1994) 
University of Miami 
Miami. Fla. 

Moscow 

Donald G. Aharn (1990) 
Jan R. AndrOden 119911 
Roben E. Andr.,... 11991) 
Ronald M. Atlas 11992) 
Tamar Barka. 11992) 
David R. BenSon 11992) 
C1Gin M. Berg (1991) 
Ko.stia Bergman 11990) 
Unda F. Bisson (1992) 
Roben Blancheru (1992) 
Hans Blaschek (1992) 
DaYld R. Boone (1990) 
Peler J. Bollomley 11992) 
Roben E. Bracken 11992) 
Jam., Brierly 11991) 
GflIrg. M. Carman 11990) 
Carl C.rni~lIa 11991) 
A. K.ith Charnley 11992) 
AnIn Chan.rj .. II992) 
G. Rasul ChaudhrY 11992) 
Everly Conwayd. MacarioII991) 
Donald Cooksev 11991) 
Donald Crawford 11991) 
Kun Dahlbel1: 11992) 
Harold Drak.II991) 
David W. Em.rich 11992) 
Stanl.y L. EriandRn 11990) 
Doudas E .. I.igh 119911 
Scon F.ighn.r 11991) 
Jam., G. F.rrv 119911 
Howard Fi.ld',19901 
Gerald F. Fiug.rald 11991) 

Robert P. Williams. Editor (1990) 
Baylor College of Medicine 
Houston. Tex. 

EDITORIAL BOARD 
Madllyn M. Fl.lch.r 119901 
Cecil W. Fonb«g 11991l 
Sh.lby :-I. Frrer 11991) 
Barbel E. Friedrich 11991) 
William C. GhioM< 11990) 
Mlch: .. 1 S. Gilmon 11990) 
Richard V. Grren. 119921 
D. Jay Grim., 119901 
Dennis C. Gross 119911 
Charles .'1. H .... 11990) 
Bubel Hahn·Hag.rdal (1991) 
Georg. HfRoman II9'JII 
Wall.r E. Hili 119'J2) 
John C. HoiJ 11991) 
Alan Hooper 11990) 
Chrislon J. Hunl 119911 
Roben W. HUlklru 11992) 
Lonni. O. Ingram 11992) 
Thomas W. J.iJrifSll991l 
Mlchad G. Johruon 11992) 
Anna Johruon-WinfRar 119911 
David M. KarII19911 
JeiJny Karru 11991) 
Gary M. King tl990) 
StaiJan Kjelloberg 11991) 
Todd R. K1aonhamm.r 11992) 
Allan E. Konopka 11991) 
ROR.r Korns I 19'J2) 
Rajlv K. Kulkarni 119911 
CI.lus Kurtzman (1991) 
R. Victor Lachica (1992) 
Thomas Lanll"'onhy 11992) 

Roben A. LaRossa 11991l 
Donald J. L.Blanc 11990) 
Jan. Leedl. 119911 
David A. Low 11990) 
Poror Lilthy 1\992) 
Eug.ne L. MadRn (1992) 
George L. Marchin 1\ 990) 
Edward O. Mason. Jr. (1990) 
Thomas L. Muon (1990) 
Ann G •. \1allhysse 11992) 
Micha.1 J. ~fclnemer 11992) 
Aaron L. ~fiIls 119901 
David Nail. 11991l 
K.nn.lh H. :-Iealson 11990) 
Louis< M. :-I.lson 11992) 
Wailer G. :-li.haus. Jr. (1991) 
Dai. Noel 11991) 
F.rgal O'Gara 11992) 
James D. Oliver 11990) 
Eric Olson 11991) 
Tairo Oshima 11990) 
Haru W. Paerll1990) 
William J. Pa~.11992) 
Samuel A. Palumbo 11991l 
Bruce Past.r 119911 
Perer A. Pall .. 11990) 
Ian L. Pepper 11991) 
James J. Pestka 11992) 
John pf.iJ.r 119911 
Allen T. Phillip. 11992) 
W .. I.y O. Pipes 1199~) 
Roben Ramaley 1199~) 

Helen R. Whiteley. Chairman. Publications Board 

John N. R .... (\9901 
John L. Richard 11990) 
Scon R. Rippey 11991) 
Donald C. Robertson 11990) 
John P. Rosazza 11991) 
Edward G. Ruby 1199~) 
James B. Russell 11992) 
Mlcha.1 Jav Sadow.k,· 11991l 
Millon N. Schroth 1\991) 
P.I.r M. SCOII 11990) 
BaIT}' F. Sh.rr 119911 
C. J.iJr.y Smilh 11991) 
Mark D. Sobsey (1990) 
Jim Spain 11990) 
Gary Stacey 11991) 
John B. SUlheriand 1199~) 
Linda S. Thomashow 11992) 
Edward Topp 1199~1 
RIchard Unz 11990) 
Peter Van Berkum f\9921 
J. P. van DIJk.n 11992) 
Vlncenl Varelll9911 
Ross A. VIrginia 11991) 
Edward Voss 119901 
Richard L. Ward 119911 
Carol L. W.II. 119'111 
Brvan A. Whil. 119901 
David R. Wilcox 1199~) 
TII·V .. Won~ 119911 
A. Amlides Vavanos 119901 
Lily ,"ouni I 199~1 
David A. Zuberer 11992) 

Linda M. DIig. Managinr; Editor. Journals John N. BeU. Production Editor 

Appli,d and £n""nnm'nlal.\{icroh;olo~.'·IISSN 0099·2240). a publicauon of the Amencan Sociery for Microbiology. In! Massachu~ell5 
Ave .. ~.W .• Washington. DC 20005-1171. IS devoled to rhe advancemenl and dissemlnauon of applied knowledge as well as ecological 
knowledge. bOlh applied and fundamental. concerning microorganISms. Insrrucuons to aUlhors are publIShed in the Januarv ISsue each year: 
repnnts arc available from the editors and Ihe Journals DiVISIOn. Appli.d and £m'/ronm,nral MicrolJlology is published monthlv. one volume 
per year. The nonmember subscnpuon pnces are 52:0 IU.S. and Canada' and 52!~ Iforelgn: air drop shipPing, per year: Single copies are 
$40. The member subscnpuon pnce. arc 539 IU.S. and Canada) and 57~ Iforelgn: air drop shiPPing, per year: single copies are 510. 
Correspondence relaung to subscnpuons. nonrecelpl of journals. repnnrs. defecuve copies. av.,labllity of back ISsues. ana lost or laiC proofs 
should be direcled to Ihe ASM Journals DiVISion. 1325 Massachusells Ave .. N.W .. Washington. DC :0005-1171lphone: ~02·737·36001. 

Claims for mlS5Ing issues from rcsidents of the Unned Slates. Canada. and Me~Ico must be submnled wilhin 3 monrhs aiter publicauon of 
Ihe Issues: reSidents of all olher cnunllles must submit claims wltlun b monlhs of puohcauon of the ISsues. CI.,ms for ISsues mISsing because 
oi failure to repon an address change or for Issues "trussing from files" Will not be allowed. 

Second..:lass postage paid al Washington. DC :0005. and at addiuonal mailing offices. 
POSTMASTER: Send address changes to Appli,d and £nv/ronm'"lal.\{lCrob;ol"~)I . • "SM. 1325 MassachusellS Ave .. ~.W .. Washington. 

DC :0005-1171. 
Made In Ihe United Stales of Amenca. Pnnted on aCld·free paper. 
Copvnghr'C 1990. Amenc:1l1 SoclelY for Microbiology. a~: t6/l1.!'l-1l {N' i. ,!~II."" : Pitt. 
All Rights Reserved. 

The code al the top of the finl page of an anlcle in rhlS Journal indic:ltes Ihe copynght owner', consent thaI copies of the amcic ma\' be 
made for personal usc or for personal usc of speCific chents. ThIS consent 15 given on the condiuon. however. thaI the COPIer pa\' Ihe stated 
per·copy fee through Ihe Copynghl Clearance C.nter. Inc .. 21 Congress SI .. Salem. MA 01970. for cOPYing beyon'" that pennlned by Secuons 
107 and 10K of rhe U.S. Copynghl Law. ThIS consenl does not extend 10 orher kinds of cOPYing. such as cOPYinS for general dlSlnbulion. for 
advenlSlng or promotional purpo>es. for creaung new collecllVe works. or for resale. 

87 



Journals Division 

88 

5825 East Hawthorne 
Tucson Arizona 85711 
November 11, 1992 

American Society for Microbiology 
1325 Massachusetts Ave., N.W. 
Washington DC 2005-4171 

I am writing to request permission to reprint the following 
material from your publication: 

D.G. Korich, et ale Effects of ozone, chlorine dioxide, 
chlorine, and monochloramine on Cryptosporidium parvum 
oocyst viability. May 1990. Applied and Environmental 
Microbiology. p.1423-1428. Vol.56 No.5. 

A copy of the entire paper is to be appended to my doctoral 
dissertation, entitled Cryptosporidium oocyst viability: 
Assessment and Correlation with Infectivity, which will be 
published by University Microfilms Incorporated (UMI) , Ann 
Arbor, Michigan. Permission to use the copyrighted material 
must extend to UMI which may sell, on demand, single copies of 
the dissertation, including the copyrighted materials, for 
scholarly purposes. 

I will use the standard scholarly form of acknowledgement, 
including author, title, publisher's name, and, date, unless 
you specify otherwise. 

Thank your for considering this request. I am enclosing a 
duplicate copy of this letter for your records. 

Sincerely yours, 

~ 
Dick G. Korich 
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I am writing to request permission to use copies of immunogold 
scanning electron micrographs, currently in the possession of 
Dr. C.R. Sterling at the University of Arizona, depicting MAb 
OW64 binding to ~ parvum oocysts in my doctoral dissertation 
enti tIed Cryptosporidium Oocyst Viability: Assessment and 
Correlation with Infectivity. 

The dissertation will be published by University Microfilms 
Incorporated CUMI), Ann Arbor, Michigan. Permission to use 
the material must extend to UMI which may sell, on demand, 
single copies of the dissertation, including the micrographs, 
for scholarly purposes. 

I will use the standard scholarly form of acknowledgement 
unless you specify otherwise. 

Thank you for considering this request. I am enclosing a 
duplicate copy of this letter for your records. 

Sincerely yours, 

~ 
Dick G. Korich 

The above request is approved with any conditions noted below 
and with the understanding that full credit will be given to 
the source. 
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Effects of Ozone, Chlorine Dioxide, Chlorine, and Monochloramine 
on Cryptosporidium parvum Oocyst Viability 

D. G. KORICH! J. R. MEAD.2 M. S. MADORE.~ N. A. SINCLAIR.! AND C. R. STERLlNG2• 

Department of Microbiology and Immunology I and Depanment of Veterinary Science.2 University of Arizona. 
Tucson. Arizona 85721 

Received 8 November 1989/Accepled 14 February 1990 

Purified Cryptosporidium parvum oocysts were exposed to ozone, chlorine dioxide, chlorine, and monochio­
ramioe. Excystation and mouse Infectivity were comparatively evaluated to assess oocyst viability. Ozone and 
chlorine dioxide more effectively Inactivated oocysts thaD dlIorioe and mooochloramine did. Greater than 90% 
inactivation as measured by infectivity was Itchleved by treating oocysts with 1 ppm of ozone (l mg/llter) for 
5 min. Exposure to 1.3 ppm of chlorine dioxide yielded 90% inactivation after 1 h, while 80 ppm of chlorine 
and 80 ppm of monochloramine required approximately 90 min for 90% inactivation. The data indicate that 
C. parvum oocysts are 30 times more resistant to ozone and 14 times more resistant to chlorine dioxide thaD 
GiardUJ cysts exposed to these disinfectants under the same conditions. With the possible exception of ozone, the 
use of disinfectants alone should not be expected to inactivate C. parvum oocysts in drinldng water. 

Cryptosporidium parvum. a coccidian intestinal parasite, 
infects humans and may cause gastroenteric disease. The life 
cycle is completed in the terminal ponions of the small 
intestine. An environmentally resistant oocyst stage is pro­
duced and passed into the environment with host feces. 
Unlike other coccidia, the C. parvum oocyst is fully sporu­
lated and ready to initiate infection upon excretion (8). 
Numerous cases of cryptosporidial infection have been 
reponed in otherwise healthy people since the first repon of 
an infected three·year·old child in 1976 (l9). Immunodefi· 
cient individuals, acquired immunodeficiency syndrome pa· 
tients, and the immunologically naive are especially vulner­
able to persistent infection (7). 

Waterborne transmission of C. parvum recently has been 
documented (l0, 12; B. A. Rush. P. A. Chapman, and R. W. 
Ineson, Letter. Lancet U:632. 1989). In 1987, Cryptosporid· 
ium contamination of a chlorinated and filtered water supply 
led to an estimated 13,000 cases of gastroenteritis in Carroll· 
ton, Georgia (}4). Outbreaks of Cryptosporidium-related 
diarrheal illness in Ayershire, Scotland, and Oxfordshire· 
Swindon, England. recently have been attributed to con· 
sumption of contaminated surface water containing oocysts 
CH. V. Smith. R. W. A. Girdwood, W. J. Patterson, R. R. 
Hardie, L. A. Green, C. Benton, W. Turloch. J. C. M. 
Sharp. and G. I. Forbes, Letter, Lancet U:1484. 1988; P. 
Mcintyre and J. Day, Oxford Mail. Oxford, England, 23 
Feb. 1989). 

CryplOsporidium oocysts are extremely resistant to most 
commonly used disinfectants. Viability was not affected by 
exposure to 1.05 and 3% chlorine as sodium hypochlorite for 
up to 18 h. Long-term exposure to 10% Formalin. 5 to 10% 
ammonia, and 70 to 100% bleach was deemed necessary to 
completely eliminate infectivity (6, 21). Thiny minutes of 
exposure to temperatures above 65°C or below freezing also 
arrests oocyst infectivity (24). Although the studies of these 
exposures did not specifically address the use of chlorine in 
drinking water treatment, it is probable that chlorine disin­
fection alone is not sufficient to prevent CryplOsporidium 
infection. A recent study which examined the influence of 
ozone and chlorine dioxide on the viability of Cryptosporid-

• Corresponding author. 
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ium parvum oocysts in drinking water showed that treating 
demand-free water with 1.11 ppm of ozone (1.11 mglliter) 
completely eliminated infectivity in 5 min and that 15 to 30 
min of exposure to 0.43 ppm of chlorine dioxide significantly 
reduced infectivity as measured by oocyst production by 
mice inoculated intragastrically with 1,000 treated oocysts 
(:!O). 

Disinfection kinetics of most chemicals commonly used to 
ensure the safety of drinking water have been reasonably 
well established for bacteria, viruses, and Giardia spp. (16, 
:!6). Little. however, has been reponed on the effects of such 
chemicals on the viability of C. parvum oocysts. Using 
neonatal mouse infectivity and in vitro excystation as mea­
sures of viability, we have investigated the effects of ozone, 
chlorine dioxide. chlorine, and monochloramine on the 
survival of C. parvum oocysts suspended in demand-free 
buffer in order to estimate the disinfectant concentrations 
and exposure times needed for oocyst inactivation. 

MATERIALS AND METHODS 

Oocysts. Contaminant-free C. parvum oocysts were recov­
ered from the feces of experimentally infected 2- to 5oday-old 
Holstein calves by employing sequential discontinuous su­
crose gradients followed by isopycnic Percoll gradients (2). 
The recovered oocysts were suspended in 2.5% (wtlvoi) 
aqueous potassium dichromate solution, counted with a 
hemacytometer by using a bright-field phase-contrast micro­
scope, and stored at 4°C until needed (8). A volume of the 
dichromate solution containing lOB oocysts was withdrawn 
for each experiment. Oocysts were used from a given stock 
suspension as long as excystation remained above 60%. The 
oocysts were washed three times with 0.025 M phosphate­
buffered saline, centrifuged (1.500 x g for 10 min), sus­
pended in oxidant-demand·free 0.01 M phosphate-buffered 
water. and treated with ozone, chlorine dioxide. chlorine, or 
monochloramine. Oocyst viability was assessed by excysta­
tion and neonatal mouse infectivity. The fluorogenic vital 
dyes fluorescein diacetate and propidium iodide were also 
tested as indicators of oocyst viability (22). They were not 
deemed useful for this purpose (D. G. Korich. J. R. Mead, 
~. S. Madore. N. A. Sinclair. and C. R. Sterling, unpub­
lished data) . 
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Mouse Inoculation and infection evaluation. Liners of 3· to 
6-day-old neonatal BALB/c mice maintained with their dams 
were infected per os with disinfectant-exposed oocysts sus­
pended in 2 to 4 ILl of NAN Opure water. Litter sizes varied 
naturally, and no attempt was made to standardize the 
number of mice used in the experiments. Generally, more 
mice were employed for examining the effects of the more 
effective disinfectants such as ozone. and fewer were used 
for the less effective agents such as monochloramine. 
Washed oocysts recovered from the disinfectant reaction 
flasks were suspended in NANOpure water. and the oocyst 
concentration was determined by hemacytometer count. 
Suspensions containing appropriate concentrations of 
oocysts were prepared by dilution. A volume calculated to 
contain the required dose of oocysts was withdrawn and fed 
to the mice by means of a micropipette. A new pipette tip 
was used for each different dose administered. but a single 
pipette tip was used. without flushing, for all mice receiving 
the same dose. Doses were 600, 6.000, and 60.000 oocysts 
per neonatal mouse. These doses. which represented multi­
ples of 10, 100, and 1.000 of a previously determined mean 
infectious dose (10,0) of 60 oocysts. allowed estimates of 
oocyst inactivation levels of at least 90. 99. and 99.9%, 
respectively (Korich et al .• unpublished data). Oocyst doses 
fed to the mice were adjusted by an amount based on the 
control percent excystation observed for each sample of 
oocysts in order to minimize variation. For example. the 
oocyst dose was increased by 20% for a control excystation 
of BO%. This same procedure was employed in the trials used 
to determine the ID,o' Infected animals were sacrificed 7 
days postinoculation. Since the ileum is the first region of the 
gut to be colonized by Cryptosporidiurn spp. and always 
harbors the greatest number of parasitic developmental 
stages. approximately 3 cm of the terminal ileum was re­
moved. fixed in S% Formalin. embedded in paraffin. and 
sectioned (9). Hematoxylin- and eosin-stained paraffin sec­
tions were examined microscopically for evidence of para­
sites in the microvillous region of villous enterocrtes (B). 
The tissue sections invariably exhibited an all-or-none pat­
tern of infectivity. Tissue specimens from mice that had 
received at least the ID,o contained many Cryptosporidium 
developmental stages. while there were no parasites in 
specimens from mice that had received less than the ID,o' 
There was never any doubt as to how a given specimen 
should be scored. Specimens with parasitic stages present 
were scored as positive; those without were scored negative. 
Positive specimens always showed numerous parasitic 
stages (at least SO to 60 per x 100 microscope field). While no 
parasites could be found on any sections taken from negative 
lIssue samples. Mouse litters were selected randomly during 
the course of the experiments to serve as uninfected controls 
to verify that the colony remained free of incidental C. 
;:Jan'urn infection. These animals were sacrificed. and the 
ierminal ilea were prepared and examined as above. 

Excystation procedure. Washed oocysts were suspended in 
u.s ml of tissue culture phosphate-buffered saline (B% NaCI. 
1.1S% Na~HPO •• 0.2% KCI. 0.2% KH~PO.). This suspen­
sIon was mixed with an equal volume of excysting fluid 
,0.5% trypsin. 1.S% sodium taurocholate. in tissue culture 
phosphate-buffered saline) and incubated for 60 min in a 
37'C water bath (11). Excysted sporozoites. intact oocysts. 
and oocyst shells in the suspension were counted under 
x 400 magnification by using a hemacytometer and phase­
.::ontrast microscopy. Microscopic counts performed after in 
vitro excystation of untreated oocysts often yielded a vari· 
able number of sporozoites per shell. This variation ap· 
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peared to depend on the age (storage time) of the oocyst 
stock. duration of incubation. composition of the excysta· 
tion medium. and activity of the uypsin used in the excys­
tation procedure. Therefore. a control excystation with 
complete counts. with untreated oocysts. was performed in 
conjunction with each series of disinfectant treatments in 
order to establish a baseline for calculating and correcting 
the percent excystation of the treated oocysts. Excystation 
levels were determined according to a formula adapted from 
one used for computing excystation of Giardia spp. (5): 
percent excysted = 100 x SI(S + fl. and S = SI /S2• In these 
equations. SI is the number of excysted sporozoites in the 
treated sample. S2 is the number of excysted sporozoites per 
shell in the control. and I is the number of intact oocysts in 
the treated sample. Percent excystation of the treated 
oocysts was corrected against the control baseline percent 
excystation as follows (17): corrected percent excysted = E 
x (l00/C). where E is the percent excystation in the treated 
sample and C is the mean percent excystation in the control. 

Ozone treatment or oocysts. Ozooe was generated with a 
P·series model P·20 ozonator (Ozone Technology. Inc .. 
Tyler. Tex.). Ozone·demand·free water was prepared by 
ozonating NANOpure water for 1 b at 2 mg/liter. The water 
was then boiled for 1 h to remove the ozone and stored in 
sealed ozone·demand·free glass cootainers until nceded. The 
glassware was soaked in water containing 2 mg of ozone per 
liter for 1 h and then dried at 1lO"C for S h to satisfy the 
ozone demand (2S). Experiments were conducted with con· 
stant stirring at 2S"C in borosilicau: glass reactors containing 
3S0 mI of ozone-demand-free Wa1er buffered to pH 7 with 
0.01 M phosphate and seeded with 108 oocysts (2.B x lOS 
oocysts per mil. Ozone was bubbled continuously into the 
water at a rate predetermined to achieve and maintain the 
desired eqUilibrium ozone concentration. Washed oocysts 
suspended in 1 mI of ozone-demand-free buffered water were 
added after equilibrium was achieved as indicated by no 
change in ozone concentration during three successive mea· 
surements over a IS·min period. Ozone concentration was 
measured spectrophotometrically by the decolorization of 
indigo trisulfonate (3). Samples of SO mI each were with· 
drawn at O. 1. 3, and 5 min into centrifuge tubes containing 
1 mI of 10% (wtlvol) sodium thiosuJfate. The oocysts were 
then washed and prepared for either excystation or mouse 
inoculation as described above. At first. a duplicate reactor 
was simultaneously operated with air rather than ozone. 
This was abandoned during subsequent experiments. how· 
ever, when it was determined thaI there was no difference 
between untreated control and control reactor excystation 
rates. 

Chlorine treatment or oocysts. Chlorine solutions (pH 7) 
were prepared with reagent grade sodium hypochlorite in pH 
7 demand·free 0.01 M phosphate buffer. The concentration 
of free chlorine in a freshly prepared standard solution was 
accurately measured with a Fisher amperometric titrimeter. 
Dilutions of this standard were used to construct a standard 
curve for measuring the concentrations of working solutions 
by the Hellige DPD (N. N-diethyl·p·phenylenediamine) 
method with a DU-6 spectrophotometer (Beckman Instru· 
ments. Inc.) (1S). Chlorine·demand-free water was prepared 
by adding 3 mI of commercial bleach containing approxi· 
mately S% active chlorine to 61itcrs of NANOpure water in 
a closed container. The water was beld at least 24 h at room 
temperature (2S"C) and then placed in direct sunlight for 6 h. 
Free chlorine. as determined by the Hellige DPD method • 
was not detected in chlorine·demand·free water prepared in 
this manner. All glassware was soaked for 24 h in deionized 
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water containing SO mg of free chlorine per liter and was 
thoroughly rinsed with chlorine-demand-free water prior to 
use (13). Glass flasks (250 mI) containing 250 ml of chlorine 
solution were inoculated with 108 washed oocysts suspended 
in 1 mI of demand-free 0.01 M phosphate buffer (4 x 10' 
oocysts per mI) and stirred constantly. Five 4{).mI samples 
were withdrawn at timed intervals into centrifuge tubes 
containing 2 ml of 10% N~S20). The oocysts were then 
processed as described above for excystation or inoculation. 

Chlorine dloxide treatment or oocysts. A stock solution of 
pure chlorine dioxide was prepared by reacting 20 ml of 4 N 
sulfuric acid with a solution containing 10 g of sodium 
chlorite in 750 ml of distilled water. The gases produced in 
the reaction were scavenged with a stream of clean com­
pressed air. passed through a saturated solution of NaC102• 
and dissolved in 1 liter of chlorine-demand-free water. 
Chlorine dioxide concentration in the stock solution was 
measured by titrating iodine released by the C102 from an 
acidic solution of potassium iodide against a 0.005 N stan­
dard solution of Na2S20) (1). Working solutions of chlorine 
dioxide were prepared by diluting samples of the stock 
solution with demand-free phosphate buffer (pH 7). The 
C10, concentrations in the working solutions were deter­
mined by spectrophotometric measurements by the Hellige 
OPO method in the presence of glycine against a standard 
curve obtained by appropriate dilutions of the stock solution 
(1. IS). Measurements made by this method were confirmed 
by the decolorization of acid chrome violet K (18), The two 
methods were found to be comparable for measuring pure 
solutions of chlorine dioxide. but the acid chrome violet K 
method was easier to use and produced more consistent 
results than the OPO method did. The experimental design 
was similar to that described for chlorine with the exception 
that the reactor vessels were stirred only during sample 
withdrawal in order to minimize tbe loss of C102 from the 
solution. 

Monochloramlne treatment or oocysts. Fresh stock solu­
tions of monochloramine were prepared for each experiment 
by mixing equal volumes of a chlorine solution (pH 9 to 10) 
containing the equivalent of 2 g oi HOCI per liter and an 
(NH')2S0. solution (pH 9 to 10) containing 31 gIliter (4). 
Monochloramine concentrations .... ere determined by the 
Hellige OPO method with the standard curve derived for 
chlorine. The experimental design was identical to that 
described for chlorine. 
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FIG. 2. Loss of infectivity in neonatal mice for Cryplosporidium 
oocysts exposed to 1 ppm of ozone at 2S'C. Doses: •• 600 oocysts; 
Ill. 6.000 oocysts; [J. 60.000 oocysts. 

RESULTS 

Ozone. Excystation of oocysts exposed 10 1 ppm of ozone 
decreased from 84% upon initial exposure to 0% after 5 min 
(Fig. 1). The rate of decrease was highest for the first minute 
of exposure and declined over the next 4 min even though 
ozone was maintained at a constant 1 ppm. Results of mouse 
infectivity were similar (Fig. 2). For example. 5 of 21 mice 
(24%) and 5 of 36 mice (14%) became infected when dosed 
with 6.000 oocysts exposed to ozone for 5 and 10 min. 
respectively. All 11 mice dosed with 60.000 oocysts exposed 
to ozone for 5 min became infected. while none of 21 mice 
receiving the same number of oocysts exposed to ozone for 
10 min became infected. Thus. at least 90% of the oocysts 
were inactivated when exposed for 3 min. between 90 and 
99% were inactivated when exposed for 5 min. and between 
99 and 99.9% were inactivated when exposed for 10 min. 
Based on these data. the approximate C . l' (concentration 
times time [in minutes]) value for 99% inactivation would be 
between 5 and 10. 

Chlorine dloxide. Excystation of oocysts exposed to 1.3 
ppm of chlorine dioxide decreased from 87% upon initial 
exposure to 5% after 1 b (Fig. 3). Mouse infectivity showed 
a similar decline (Fig. 4). Two of nine mice (22%) and none 
of eight mice became infected when dosed with 600 oocysts 
exposed for 45 and 60 min. respectively, while eight of ten 
mice (80%) became infected after inoculation with 6.000 
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FIG. 3. Decline in mean percent excystation of Cryplosporidium 
oocysts after exposure to 1.3 ppm of chlorine dioxide (measured as 
parts per million of cia:) at 2S'C. Symbols show results of inde­
pendent trials. 
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FIG. 4. Infectivity of CryplOsporidium oocysts exposed to 1.3 
ppm of chlorine dioxide. Doses: •. 600 oocysts; C. 6,000 oocysts; 
D, 60,000 oocysts. 

oocysts exposed for 1 h. Thus, approximately 90% of these 
oocysts were inactivated after 1 h of exposure. A C . " value 
of 78 was calculated based on these data. Excystation of 
oocysts exposed to 0.6 ppm of chlorine dioxide decreased by 
only 40% after 1 h of exposure. Measurements showed a 
rapid decrease in chlorine dioxide concentration after the 
reaction flask was inoculated with 108 oocysts. The CI02 
concentration dropped from 0.6 ppm to 0.2 ppm after 5 min 
of exposure. Losses as high as 0.9 ppm occurred during the 
1 h that oocysts were exposed to 1.3 ppm of CI02 • 

Chlorine, Excystauoo of oocysts exposed to 80 ppm of 
free chlorine decreased from 80% upon initial exposure to 
0% after 2 h (Fig. 51. After 1 h, only 20% of oocysts had 
excysted. Mouse infectivity data were similar (Fig. 6). Five 
of seven mice (71%) became infected at the 6OO-oocyst dose 
level after 30 min of exposure. AU mice inoculated with 6.000 
or 60.000 oocysts which had been exposed to chlorine for 60 
min became infected. Only one of eight mice (12.5%) inoc­
ulated with 60.000 oocysts exposed to chlorine for 90 min 
became infected. There were no infections noted in 22 mice 
inoculated after 2 h of chlorine exposure. Inactivation after 
90 min of chlorine exposure was at least 99%. Based upon 
these data. a C . " value of 7.200 was calculated. 

Monochloramlne. The decline in excystation for oocysts 
exposed to 80 ppm of monochloramine was similar to that 
observed with free chlorine (Fig. 7). Excystation decreased 
from 91% upon initial exposure to 2% after 2 h. Only 10% of 
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FIG. 6. Infectivity of Cryptosporidium oocysts exposed to 80 

ppm of chlorine at 2S·C. Doses: •• 600 oocysts; C, 6.000 oocysts; 
D. 60.000 oocysts. 

the oocysLS exposed to 80 ppm of monochloramine excysted 
after 1 h. Mouse infectivity also showed a similar decline 
(Fig. 8). Five of eleven (45%), one of ten (10%), and zero of 
three (0%) mice became infected when dosed with 600 
oocysts exposed to monochloramine for 30. 60. and 90 min. 
respectively. High infection rates were observed in mice 
inoculated with 6.000 and 60.000 oocysts exposed to mono­
chloramine over the same time periods. Oocyst viability 
decreased at least 90% over 90 min of monochloramine 
exposure. A C . " value of 7.200 was calculated from these 
data. 

DISCUSSION 

Measurements of oocyst viability. determined by both 
excystation and mouse infectivity, indicate that ozone and 
chlorine dioxide are many times more effective than free 
chlorine and monochloramine for inactivating C. pan'urn 
oocysts. Similar results have been obtained for oocyst 
inactivation by using chlorine with excystation as the sole 
measure of viability (23). Oocysts treated with 2.25 ppm of 
ozone for 8 min showed a 99% reduction in oocyst output in 
mice initially infected with 10' oocysts (201. This reSUlt. 
based 00 ozone levels achieved at the beginning of the 
experiment but not maintained. may be comparable to our 
finding that constant exposure of oocysts to 1 ppm of ozone 
for 10 min reduced infectivity by approximately the same 
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FIG. 7. Decline in mean percent excystation of Cryptosporidium 
oocysts exposed to 80 ppm of monochloramme at 2S·C. Symbols 
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FIG. 8. Infectivity of Cryp/osporidium oocysts exposed to 80 

ppm of monochloramine at 25·C. Doses: •. 600 oocysts: 0.6.000 
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amount. Data reflecting oocyst inactivation by chlorine 
dioxide. however. do not agree. Mice infected with oocysts 
exposed to 0.43 ppm of chlorine dioxide for 30 min showed 
a 94.3% reduction in oocyst output in another study. while 
we were only able to observe 90% oocyst inactivation as 
measured by mouse infectivity after exposure to 1.3 ppm for 
1 h. i.e .• roughly the same level of inactivation by three times 
the concentration for twice as long an exposure time (20). 

Any test for disinfectant effectiveness must ultimately 
depend upon some measure of oocyst viability. Unfonu· 
nately. a quick. easy. reliable. and completely reproducible 
test is not yet available. We assessed inactivation by uptake 
of the vital dyes fluorescein diacetate and propidium iodide. 
excystation. and mouse infectivity. The vital dyes proved to 
be totally unreliable for predicting C. pan'lIm oocyst viabil· 
ity even though they have been used successfully for deter· 
mining Giardia viability (22: D. G. Korich. 1. R. Mead. M. S. 
Madore. C. R. Sterling and N. A. Sinclair. poster session. 
American Society for Microbiology annual meeting. 1989). 
Funhermore. we observed a large apparent increase in 
excystation after there should have been none. These anom· 
alous observations proved to be an anifact of the counting 
procedure. Oocysts exposed to high disinfectant concentra· 
tions or for long times at lower concentrations appeared to 
have excysted. i.e .. were empty. when in fact their contents 
had been destroyed by the disinfectant. Sporozoites were 
conspicuously absent from such suspensions. To avoid 
subsequent errors. we counted and factored in the number of 
sporozoites produced. This revised procedure gave reason· 
ably good agreement between excystation and infectivity as 
indicators of viability. Even so. viability estimates based on 
excystation alone should be regarded with caution. since the 
sensitivity of the estimate depends not only on the accuracy 
of the counting procedure but also on the age (storage time) 
of the oocysts. When excystation is compared with infectiv· 
ity as an indicator of oocyst inactivation after treatment with 
1 ppm of ozone. note that excystation (Fig. 1) showed 100% 
inactivation after 5 min of exposure while infectivity (Fig. 2) 
showed at least 99 to 99.99t inactivation after 10 min. 
Infection occurred with oocysts treated with ozone for 5 min 
even though excystation indicated otherwise. Similar com· 
parisons may be made with the other disinfectant treatments 
used. Oocysts stored in dichromate solution longer than 6 
months cannot reliably be used for disinfection studies 
because low levels of excystation (below 609t) are frequently 
observed. Mouse infectivity was the most sensitive indicator 
of oocyst inactivation under all the experimental conditions 

tested. Since some 20% of the oocysts produced during C. 
parvllm infections are autoinfective. only a small dose of 
oocysts is required to produce a conspicuous iIlfection (9). 
Microscopic examination of terminal ileum tissues. there· 
fore. provides unequivocal evidence of infection. 

The strategy for estimating disinfectant C . l' value was 
based on our determination that the 10'0 fol' neonatal 
BALB/c mice was approximately 60 oocysts. Inability to 
produce infection with an incrementallog1O'increasing dose 
of the ID~o implied that level of oocyst inacuvation. An 
absence of mouse infection with a dose of 600 oocysts 
equates to at least a 90% level of inactivation. DO infection 
.... ith 6.000 oocysts equates to a 99% level. and DO infection 
with 60.000 oocysts equates to at least 99.9'n inactivation. 
The C· t' values expressed herein must be regarded as 
estimates because they are based on only a single disinfec· 
tant concentration. A more accurate treatlIlCtlt. strictly 
applying the Watson equation (k = C"t). require:s using the 
results of a number of experiments with different disinfectant 
concentrations to find the value of n. When plotted on 
double logarithmic paper. the concentrations fC) and the 
times (t) needed for a given inactivation level result in a 
straight line with slope n (16). By assuming that n = 1. 
however. it is possible to make useful com pari SOIlS between 
these C . t' values and those for Giardia spp. Such compar· 
isons show that C. pan'um is many times more resistant than 
Giardia spp. are to these commonly used drinking water 
disinfectants. The C . t' value of 5 to 10 obtained for 99% 
ozone inactivation of C. parvum. for example. is at least 30 
times greater than the C . t' of 0.18 (n = 1.1) required to 
achieve the same inactivation level of Giardia Imnb/ia (26). 
while the C . I' value of 78 obtained for 90% inactivation of 
C. parvllm oocysts by CIO~ is at least 14 times nigher than 
the 5.3 (n = 1.37) reponed for 99% inactivation of Giardia 
muris (1. G. Leahy. M.S. thesis. Ohio State l·niversity. 
Columbus. 1985). Funher infectivity studies need to be 
performed at different disinfectant concentrations m order to 
confirm the C . I' values. It is evident. however. that with 
the possible exception of ozone. the use of disinfectants 
alone cannot be expected to inactivate C. pan'um oocysts. 
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Appendix 2. 

Weeks 
o 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Change in oocyst 

IDSOC 

70 

114 
195 
159 

913 

3098 

3401 

4235 

16299 

%TSyd 
53 

56 
37 
47 
41 
41 
31 
29 
19 
24 
17 
16 
12 
10 
8 
7 
3 
2 
2 
2 
1 

dUnmodified data 

viability 

OW64e 
98 

93 
92 
96 
93 
94 

95 

92 
91 
89 
90 
88 
87 
87 
84 
83 
83 
82 
81 

at 15°C. a ,b 

PCAf 
69 

94 
93 
91 
92 
89 
86 
84 

80 
84 
77 
78 
32 
27 
33 
17 
22 
18 
26 
31 

AOEg 
99 

97 
95 
96 
97 
96 
97 
93 

97 
98 
97 
96 
95 
96 
93 
95 
93 
94 
96 
94 

boocysts held in distilled water 
CInfectivity (50% infective dose) 
dIn vitro excystation expressed as theoretical sporozoite 
yield 
epercent viable oocysts by Mab OW64 exclusion 
fpercent viable oocysts by phase contrast appearance 
gPercent viable oocysts by acridine orange exclusion 

96 



Appendix 2. Change in oocyst viability at 25°C. a ,b 

Weeks IDso C %TSyd OW64e PCAf AOE9 
0 95 46 96 91 
1 26 94 89 
2 316 26 92 86 
3 6 86 63 
4 6523 3 81 58 84 
5 0 75 50 66 
6 >10 7 0 72 36 62 

aUnmodified data 
boocysts held in distilled water 
CInfectivity (50% infective dose) 
dIn vitro excystation expressed as theoretical sporozoite 
yield 
epercent viable oocysts by Mab OW64 exclusion 
fpercent viable oocysts by phase contrast appearance 
9Percent viable oocysts by acridine orange exclusion 
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