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Review of Disinfection and Associated Studies
on Cryptosporidium

Executive Summary

The project here reported was undertaken to review the published literature on
disinfection studies on Cryptosporidium. The purpose was to assess the variations in
experimental models and the effect of such variables on the results. A wide variety of
disinfectants have been used to study the inactivation of Cryptosporidium parvum for
clinical, veterinary and water treatment purposes. Test parameter variables include, pH,
time of exposure, temperature, presence or absence of organic material, use of a
neutralizing step, and measurement of disinfectant exposure and of post exposure
residual.

Of particular note is that such studies have employed oocysts of often ill defined
characteristics, from different sources, which have been cleaned using different
protocols and stored, with or without preservatives, under different conditions for
different lengths of time and temperature. All studies have been conducted using
animal-derived oocysts, which are thus probably all genotype 2. No studies have used
the apparently human-specific genotype 1, which has been responsible for a number of
major waterborne outbreaks. Oocysts have proved inherently difficult or impossible to
preserve in the way that other inocula for conventional disinfection studies can be
preserved.

The assessment of disinfection efficacy for water treatment purposes presents special
difficulties, and has been done using various methods. These include, excystation by
varying protocols, with and without measurement of sporozoite ratios, by dye
inclusion/exclusion, and by infectivity assessment using tissue culture or animal
inoculation methods; in some cases additional disinfectant treatment has been a part of
the excystation protocol. In disinfection studies for other potential pathogens it has not
been the practice to demonstrate infectivity as opposed to viability.

These factors have led to poor standardisation of disinfection study protocols and
render the comparison of different research projects and their findings almost
impossible. In order to provide consistent and comparable test data, these variables
need to be standardised. Whilst many research papers describe the test parameters in
some detail, there is little critical appreciation of the fundamental importance of the
need particularly for standardisation of oocyst preparations for use in disinfection
studies.
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1. Introduction

The concept of the transmissibility of disease by means of water has existed since
classical times, and in the nineteenth century led to the recognition of the need for
protection or disinfection of potable water supplies, historically for bacterial pathogens
causing such diseases as typhoid and cholera. Subsequently, the use of faecal indicator
organisms such as Escherichia coli was introduced, including as a means of assessing
disinfection. Methods traditionally used to disinfect water for drinking purposes
include chlorine and chlorine dioxide, ozone, and ultraviolet (Anon, 1990; Casemore,
1995; Gates et al., 1989; Mc Feters, 1990; Russell et al., 1992).  Generally speaking,
water treatment has served public health well; the last outbreak of waterborne typhoid
in the UK occurred in 1937 (Galbraith et al., 1987, Stanwell-Smith, 1994). However,
recognition has grown of the importance of preventing the waterborne transmission of
the enteric protozoan parasites, Giardia and Cryptosporidium, which are generally
more resistant to normal levels of water disinfection Anon, 1990; Casemore, 1990;
Rose, 1990; West and Smith, 1995; Lisle and Rose, 1995; Meinhardt et al., 1996.

Disinfection can be defined as the removal, destruction or inactivation of infectious
agents. In its broadest sense, it includes both chemical and physical methods.  A wide
variety of disinfection procedures have been evaluated for their efficacy against C.
parvum. Early disinfection studies on Cryptosporidium pre-dated awareness of the
problems of transmission by the water route. This applies particularly to studies done
for veterinary and hospital infection control purposes.  The recognition of the problem
of enteric protozoa in water led to the testing, using traditional methods and also novel
methods of treatment and disinfection, for efficacy against such parasites (Anon, 1990;
Campbell et al., 1995; Casemore, 1995; Clancy et al., 1997 b and c; Finch et al., 1995;
Korrich et al., 1990; Presdee et al., 1995; Robertson et al., 1994; Rose, 1990; Rose et
al., 1997; Smith and Rose, 1998). Because of their innate resistance, however, reports
indicated that chemical disinfection was required at a level or concentration that can
cause problems for other water treatment needs, such as the production of higher level
of disinfection by-products (DBPs) (Craun, 1988; Meyerhofer, 1988; LeChevallier and
Norton, 1995; Pontius, 1997). Because of this, assays for efficacy are critical and yet
such studies have used variable and often poorly defined parasite inocula and other test
parameters, and reports often lack sufficient detail on this aspect (Casemore, 1995;
Kloniki et al., 1997).

Physical methods for killing or removing Cryptosporidium have also been evaluated,
many based on methods currently employed in water treatment works such as filtration,
coagulation and sedimentation. Some have been laboratory or pilot plant scale studies
(Hall et al., 1995; Ongerth and Pecoraro, 1995; Robertson and Smith, 1992) while other
studies have attempted to measure the efficiency of oocyst removal during different
physical processes at full-scale treatment works (Bellamy et al., 1993; Robertson et al.,
1994).  The effects of known physical disinfection exposures such as heat (Barbee et
al., 1997; Anderson, 1985; Carrington and Ransome, 1994; Harp et al., 1996;
Whitmore and Robertson, 1995; Fayer, 1994), drying (Anderson, 1986; Robertson et
al., 1992), and ultra violet light (Bolton et al., 1998; Campbell et al., 1995; Clancy et
al., 1997c; Lorenzo et al., 1993;), have also been examined for their effect on
Cryptosporidium.  Other approaches have involved novel and developing techniques
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such as electrostatic (charged resin) retention (Upton et al., 1988), modifications of
ultrafiltration, depth filtration and coagulation/separation techniques e.g. magnetite
treatment (Robertson et al., 1994), pulsed light treatment (Arrowood et al., 1997),
ultrasound (Watkins, 1995), and even the effects of microbial antagonism in source
water (Chauret et al., 1998; Medema et al 1997).

Disinfection studies are known to be affected by a number of variables, including test
parameters such as pH, time of exposure, temperature of test exposure, presence or
otherwise of organic (background demand) load, use of a specific test agent neutralising
step, etc. A significant but under-recognised variable is the test organism used, in this
case the oocysts of Cryptosporidium, their origin, characteristics, quality and quantity
and the effect of different cleaning and concentration methods.

1.1 Early disinfection studies on Cryptosporidium oocysts

Early studies, which concentrated on the testing of compounds of veterinary and of
medical interest (Angus et al., 1982; Campbell et al., 1982; Pavlasek, 1984; Blewett,
1989; Casemore et al., 1989), were conducted in various (non-water) laboratories using
different strains of the parasite, often of undefined characteristics in relation to:

• source host,
• stage of infection cycle,
• period elapsed since collection,
• pre-test methods of preparation,
• conditions of storage, etc
• percentage viability,
• characterisation.

They were assessed for viability by in vitro excystation or in vivo, usually by
intragastric inoculation of suckling mice, a technically skilled procedure.

Such early studies showed that oocysts were largely unaffected by normal working
strength dilutions of many common proprietary disinfectants and other recognised
disinfecting agents, including UV, tested under appropriate conditions.  Disinfectant
types tested included aldehydes, cresols, halogens, quaternary ammonium compounds,
alcohols, etc.  Strong hydrogen peroxide (3%, 10vol) was found to be rapidly effective
and has a place in dealing with spillages of oocyst suspensions in laboratory work
(Blewett, 1989).  Compounds also found to be effective included strong ammonia and
sodium hydroxide solutions, which were generally impracticable for use but have
sometimes been used for cleaning of infected animal accommodation (Angus et al.,
1982; Pavlasek, 1984; Sunderman et al., 1987).  It has subsequently been found that
the ammonia present in slurry stores and animal muck heaps have a significant
disinfecting effect, in addition to the effects of pH and increased temperature through
fermentation (Bukhari and Smith, 1997; Bukhari et al., 1995; Jenkins et al., 1998;
Ruxton, 1995).  This is of significance for the water industry in relation to the
problems of leakage of agricultural wastes.
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The treatment of human associated effluents may also impact on the water industry.
For example, the inappropriate use of an ammonia based veterinary compound in
dealing with a faecally contaminated bathing pool (Watkins, J, pers comm) led to
serious damage to an activated sludge treatment works when the contents of the pool
were disposed of to the mains sewers serving the urban area in which the leisure
complex was sited.  It is thus clear that suitable means for disinfection in such
situations needs to be predicated on the needs of the water industry and its wider
context.
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2. Disinfection - Basic Principles

2.1 The action of disinfectants

An understanding of the underlying processes involved in disinfection is essential to
the understanding of the testing of disinfection for Cryptosporidium. In 1908, Watson
described, and subsequently Chick modified, a general formula for the action of
disinfectants (see Russell et al., 1992) according to concentration (C) and time (T). In
practice, the assumption is made that η (the coefficient of dilution) = 1, for which
condition both parameters are equal in importance. However, the effect of variations in
temperature, and of pH, may be significantly unpredictable influences, particularly on
the activity of some compounds such as chlorine and ozone. Nonetheless, CT has
traditionally provided a useful rule of thumb for the indication of requirements for
satisfactory disinfection against bacteria, for operational use.

These parameters for the estimation of the efficacy of disinfection are predicated on the
assumption that,

• the disinfectant reacts chemically as a first order reaction (time and concentration
being directly, inversely proportional), and

• that the contribution of the organism to the reaction is of zero order.

This, again, conveniently permits or supports the measure of the efficacy of a
disinfectant solely in terms of time and concentration (CT). Although the assumption
may hold true for most practical purposes this may not be adequate for a proper
scientific assessment of activity and the optimisation of disinfection (Armstrong et al.,
1995a and b; Casemore, 1995). Given that many tests suggest disinfection efficacy at
CT values that are at the limit of what is acceptable for other purposes (e.g. production
of DBPs), or is operationally practicable, these considerations may be crucial.

Microbial disinfection studies have traditionally been based primarily on models for
bacterial inactivation, usually using standard "strains", which can be supplied from
recognized sources (e.g. NCTC, ACTC). Stocks of well-characterised organisms can be
cultured under defined and controlled conditions, and stored under stable conditions
(lyophilised or frozen at ultra-low temperature). For use, they can then be reconstituted
and grown in a controlled way, and their post-exposure viability determined by cultural
methods, for both inhibitory and cidal effects (Russell et al., 1992) having removed or
neutralised all traces of the test compound prior to these tests to prevent effects from
continuing residual activity. Although not generally appropriate for water treatment
purposes, potentially interfering substances such as protein may be incorporated into
the test model to reflect "in-use" conditions for general domestic and clinical use
(Blewett, 1989; Casemore et al., 1989; Russell et al., 1992).

For a number of water treatment options, especially chemical disinfection, infective
agents which need to be killed or inactivated form a gradient of responsiveness in
which enteric parasites are the most resistant to conventional compounds and methods
or in-use conditions of exposure.  The relative resistance, and the difficulties of testing,
of parasitic protozoal transmissible forms (cysts and oocysts) began to be recognised,
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primarily from work on Giardia (Dowd and Pillai, 1997; Hibler and Hancock, 1990;
Jarroll et al., 1984; Labatiuk et al., 1991; Russel et al., 1992).  Because of the obligate
parasitism of the organism, means have had to be developed for assessing viability of
organisms exposed to test substances, which do not depend on conventional in vitro
cultivation.  Nonetheless, these tests clearly showed not only the relative resistance of
Giardia cysts, compared with vegetative bacteria, but also the significant contribution
to the result of variations of factors such as pH and temperature (Hibler and Hancock,
1990).

2.2 The problem posed by Cryptosporidium

In recent years, cryptosporidiosis has emerged as an important waterborne infectious
disease of both the immuno-compromised and the otherwise healthy subjects
(Casemore, 1990; Fayer, 1997). The recognition of waterborne cryptosporidiosis,
primarily in the USA and the UK, has led to considerable public health concerns and
doubts about the safety of water supplies (Anon, 1990, 1995; Dawson and Lloyd 1994;
Meinhardt et al., 1996). The direct cost to the community at large of significant
community-wide outbreaks of waterborne cryptosporidiosis is considerable, including
health, financial, legal and political impacts. Indirect but significant impact also
includes factors such as loss of public confidence in water quality and safety.

In the United States, Giardia accounts for the largest number of waterborne outbreaks
where a specific cause can be identified, while Cryptosporidium accounts for the
largest number of cases (Mc Feters, 1990).  In recent years there have been a number of
outbreaks of waterborne cryptosporidiosis in the UK (Anon, 1990; Casemore, 1990;
Meinhardt et al., 1996; Furtado et al., 1997). These have encouraged large-scale
investment in research and development to determine inter alia laboratory evidence of
the effect of disinfectants on Cryptosporidium and to investigate optimum water
treatment regimens (Anon, 1990, 1995, 1998; Casemore, 1995; Robertson et al., 1994;
Presdee et al., 1995; West and Smith, 1995).

In the case of C.  parvum, the transmissible form, the oocyst, consists of an outer,
relatively robust shell, enclosing four sporozoites, the infective form.  While exposed
sporozoites are readily killed, the outer shell confers protection and thus relative
resistance to a wide range of disinfectants, etc. The outer shell is not, however, inert
undergoing natural changes to its structure and may be affected by a variety of
environmental influences, both physical and chemical, which can affect permeability to
disinfectants (Johnson et al., 1997; Parker and Smith, 1993; Robertson et al., 1992).

There is evidence that exposure to environmental stresses affect oocysts and may
enhance the action of disinfectants (Bukhari and Smith, 1995; Carrington & Ransome,
1994; Drozd & Schwartzbrod, 1996; Johnson et al., 1997; Robertson et al., 1992). The
addition of chlorine has been found to be more effective in bringing about the loss of
viability after sand mixing (Battigelli et al., 1996; Parker and Smith, 1993), but to a
lesser extent after freezing of oocysts at -20°C (Battigelli et al., 1996).  The viability of
Cryptosporidium oocysts stored in reservoir water at 4°C for 56-70 days and subjected
to a 500 PSI pressure drop was unaffected by exposure to 2.5 mgl-1 chlorine for 300
min (Straub et al., 1994).
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Johnson et al., (1997) and Medema et al 91997) showed that temperature and the
presence of light, salinity and water quality can all affect oocyst survival. The effect of
these factors on disinfectant assays is unknown but it clearly emphasises the importance
of standardisation in test models particularly with reference to the source and age of the
oocysts.
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3. Studying the efficacy of disinfection

It is essential that disinfection studies should identify methods or forms of treatment,
which provide optimum disinfection of Cryptosporidium with the minimum production
of DBPs or other unwanted side effects, at an acceptable cost. To ensure that the data
used to inform such decisions are valid, laboratory and pilot plant level studies need to
be based on defensible and demonstrably valid scientific methods and systems of
analysis. Doubts have existed for some years now on the validity of some study
methodologies, the underlying assumptions about the nature of Cryptosporidium, the
way in which the efficacy of disinfection is assessed in the laboratory and how that is
extrapolated to full-scale water treatment.

Laboratory based disinfection studies are known to be affected by a variety of variables,
including test parameters such as pH, time of exposure, temperature of test exposure,
presence or otherwise of organic (background demand) load, use of a specific test agent
neutralising step, etc. (Table 1).  A significant but under-recognised variable is the test
organism used, in this case oocysts of Cryptosporidium (Section 10, Table 3). Unlike
bacteria, these have to be produced in vivo by animal inoculation and recovered from
the faeces of the infected animal. They are then cleaned, further purified and
concentrated by various methods, and enumerated. The oocysts produced cannot be
stored in, for example, liquid nitrogen, as can other test organisms, and thus continue to
deteriorate by ageing with subsequent storage. It is also now known that the wall of
oocysts may be radically affected by different cleaning and concentration procedures
(McLauchlin, J Watkins unpublished). Other study parameters that need to be taken
into account include various physical and chemical factors and appropriate study
design.
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Table 1. Experimental variables that may affect apparent disinfectant efficacy

Physical Chemical Study Design
Temperature during test
exposure

Disinfectant type and test
concentration; method of
measuring concentration
(e.g. start, end, integrated)

Oocyst source and strain
characterisation

Test system pH Disinfectant neutralisation
prior to viability/infectivity
testing

Oocyst clean up method, age
and storage conditions.

Contact time Composition of disinfectant
(e.g. presence of surfactants
or other agents in test
product)

Oocyst test concentration
used; accuracy of counts

Effect of physical
degradation and
environmental stress on
oocysts.

Denaturing/dissociation of
disinfectant during contact
period; method of measuring

Method of assessing efficacy
- in vitro (excystation,
sporozoite ratio, cell
culture), infectivity in vivo.

Nature of test medium and
organic load*.

Method and timing of
measuring disinfectant
concentration (batch vs
continuous, etc).

* Size of the oocyst inoculum: the CT value may be greatly affected by the number of
oocysts present at the beginning of exposure to a disinfectant.  This appears to have
been orders of magnitude higher in some studies, e.g. Quinn et al., (1996) when
ozone was reported to be the least effective of all the studies. Numbers of oocysts
present may markedly affect the dynamics of disinfection (Armstrong et al., 1995a
and b; Peeters et al., 1989).
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4. Characteristics of Different ‘Strains’ of Oocysts used in Disinfection
    Studies

A potentially major source of variation in tests is the failure to base tests of disinfection
on a standardised and well characterised test "strain" or isolate of Cryptosporidium.
Various species of Cryptosporidium have been identified but C. parvum is the only
species infectious to humans and to a wide variety of mammals, particularly to the new-
born. There have been many reports of zoonotic infections with C. parvum and cattle and
sheep have been strongly implicated in most of these (Casemore, 1990; Casemore et al.,
1997).  Differences in clinical responses to infection and in the antigenic properties of
sporozoite and oocyst wall proteins (Casemore 1998; Mc Lauchlin et al., 1998; Nichols et
al.. 1991; Nina et al., 1992; Patel et al., 1998; Pozio et al., 1992) of C. parvum have been
observed, indicating that distinct “strains” do exist.  Recent molecular and other studies
support the view that there are two groups of C. parvum, i.e. one which infects humans
only and one which infects humans and other animals (Pozio, 1992; Spano et al., 1997;
Bonnin et al., 1996; Carraway et al., 1996; McLauchlin et al., 1998; Morgan et al., 1998;
Patel et al., 1998; Awad El Kariem et al., 1998).  At present however, these differences
are not well enough characterised for the allocation of isolates into discrete sub-species
and are insufficient for division into separate species (Meinhardt et al., 1996). However,
recent studies have shown that one genotype, referred to as Genotype 1, does not appear
to be transmissible to animals but has been responsible for some major waterborne
outbreaks (Casemore, 1998; Patel et al., 1998). The inability to propagate this type means
that all disinfection studies reported so far must have been conducted using the animal
type (Genotype 2). Oocyst viability also varies over time during the course of infection
(Bukhari et al 1995; Casemore, unpublished observation).

An individual may harbour more than one strain during an infection episode (Casemore,
1998; McLauchlin et al., 1998; Patel et al., 1998). The difficulties of Cryptosporidium
characterisation may then be exacerbated by the current lack of understanding of genetic
recombination within or between isolates.  If full sexual recombination does occur,
oocysts will contain genetically heterogeneous sporozoites.  However, there is evidence
for a clonal mechanism with more restricted heterogeneity. Simple, routine techniques for
the in vitro purifying of clones of Cryptosporidium are not currently available and, as a
consequence, studies of disinfection efficacy have usually been carried out on oocyst
populations, which cannot be regarded as a single strain.  An understanding of variation
within C. parvum is necessary as it may lead to differences in the infectivity and severity
of disease and also to the resistance of the oocyst stage to disinfection.
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5. Methods for Collection, Concentration and Storage of
Cryptosporidium Oocysts

5.1 Source of oocysts

The only source of oocysts used thus far in disinfection studies is the faeces of infected
animals, which must be cleaned and concentrated. The main sources used (see Section
10 Table 3) include:

• Random isolates of C. parvum from sporadic infections in humans or livestock
animals, usually calves or lambs, but also an avian species, C. baileyi;

• Specified and partially characterised isolates:

(i) The University of Idaho (Iowa) bovine isolate of C. parvum.

(ii) The Moredun (Scotland) Research Institute strain of C. parvum,
derived originally from deer (i.e. Cervine), subsequently passaged
through calves or lambs.

(iii) The RN66 isolate of C. muris.

Because of the ubiquity of the infection it is difficult to avoid the possibility of the
"strain" being mixed with adventitious isolates. However, McLauchlin et al., (1998)
using a provisional typing scheme based on phenotypic markers showed remarkable
reproducibility in Western blot banding patterns with the Moredun isolate. It has been
suggested that one study on molecular aspects of the RN66 C. muris strain was
compromised because the isolate, derived from rats, was subsequently shown to be
mixed with C. parvum (MacDonald, pers comm); mixed infections are found in rodents
(Chalmers et al., 1997). A bovine isolate of C. muris has been described and has been
recommended for disinfection studies as it is believed to be non-infectious for humans
(Owens et al., 1994). The use of pheno- and genotyping may permit the better
characterisation of isolates in future.

5.2 Oocyst production and collection

The under standardised methods of stock oocyst production are thought to influence
oocyst quality.  A number of different methods have been described for providing clean
oocyst suspensions for disinfection studies (Blewett, 1989; Bukhari and Smith, 1995;
Campbell et al., 1993; Fayer 1997; Kilani and Sekla, 1987; Reduker and Speer, 1985;
Suresh and Rehg, 1996; Whitmore and Sidorowicz, 1995). Oocysts from
experimentally infected animals are usually obtained by total faecal collection over the
course of the infection. Suitable animals, usually calves or lambs but in some cases
mice, are infected with the designated isolate, usually within one week of birth.
Animals are usually kept in isolators during the course of the procedure to prevent
intercurrent infection or cross-infection of or from other animals, and to facilitate
faecal collection.  The feed used for animals may affect the purification process and
some workers avoid the use of normal milk-based feeds to improve subsequent
purification (J Watkins, SE Wright, unpublished).  In the case of the livestock animals,
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a harness is attached to the animal to collect the total faecal output. Daily faecal
samples may be screened, for example by using a haemocytometer or by auramine-
phenol staining (Blewett, 1989a and b; Casemore, 1991), to determine when oocyst
excretion commences. The pooled oocyst-positive faecal material is usually processed
in bulk at the end of the collection period although prolonged storage may well affect
oocyst quality.

5.3 Oocyst purification

A variety of methods is in use and may affect the quality of the oocysts and their
condition over time (Section 10 Table 3). Extraction methods generally involve
multiple steps, including combinations of:

Separation of gross debris by;

• settlement in a diluent,
• sieving,

            Wash/centrifugation steps with;

• water or buffered saline (e.g. PBS),
•  acid flocculation,
• surfactants (SDS, Tween, Lauryl, etc),

Concentration methods include;

• formol-ether extraction,
• flotation on sucrose, salt, zinc-sulphate,
• sulphuric acid flocculation,
• density gradient media such as caesium chloride, Percoll®.
• chromatography (affinity, ion-exchange, HIC, etc),
• newer methods such as IMS, flow-cytometry.

5.4 Oocyst preservation

Oocysts may subsequently be stored (usually at +4oC) in:

• water,
• buffered saline (PBS, HBSS),
• 2.5% potassium dichromate,
• antibiotics solutions.

Recent studies (McLauchlin et al., unpublished) indicate that certain of these methods,
especially those using chloride compounds, may radically alter surface characteristics
of oocysts detectable by variation in Western blot banding patterns.

Another source of experimental variation that may influence the susceptibility of
Cryptosporidium to disinfection is the physiological condition of the stored oocysts
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prior to disinfectant challenge exposure.  This will in turn be greatly dependent upon
the storage time and conditions experienced by the oocysts.  Contact with faeces has
been linked to an enhanced robustness due to a greater impermeability to small
molecules (Robertson et al., 1992) while others have shown decreased viability (SE
Wright, pers comm).  Potassium dichromate and formalin, commonly used for oocyst
storage and faeces preservation prior to oocyst isolation, were both found to have a
deleterious affect on oocyst viability (Campbell et al., 1993).  Hence their use may
interfere with disinfectant efficacy studies.  Alcohol and acetone, used in the membrane
filter dissolution process during purification of oocysts, however, did not appear to
affect infectivity (Graczyk et al., 1997).
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6. Cryptosporidium - Viability Assessment in Disinfection Studies

6.1 Excystation of Oocysts as a Measure of Viability

Cryptosporidium is transmitted by means of oocysts, produced during the sexual stage
of the developmental life cycle. These contain, by definition, four motile sporozoites,
each capable of initiating infection of a suitable host cell. Structurally, cryptosporidial
oocysts differ from those of other coccidia in some respects. However, viability of the
oocyst is taken to be demonstrated if the oocyst wall opens, by means of a suture in the
oocyst wall, and intact sporozoites are released.  This is also taken to be an indication
of potential (but not confirmed) infectivity for an appropriate host cell (Fayer and Leek,
1984; Reduker and Speer, 1985; Woodmansee, 1987; Blewett, 1989). Although the
sporozoites are defined as motile, this is often not easy to see as, beyond the initial
spurt of activity on release, they have only a slow, limax-like gliding motility (Sibley et
al., 1997).

Early attempts to demonstrate excystation were by veterinary workers (Fayer and Leek,
1984; Reduker and Speer, 1985; Woodmansee, 1987), often as part of studies on the
basic biology of the parasite. Their studies were usually informed by experience with
other coccidia. Some of the first studies on excystation in the UK (Blewett, 1989;
Blewett, Wright and Casemore, unpublished) were also based in a veterinary laboratory
but continued earlier studies on disinfection (see above) the efficacy of which had been
assessed by animal inoculation.

The conditions required for maximal excystation have been shown to include correct
temperature, pH, and the presence of trypsin and bile salt, for an appropriate length of
incubation time. Optimum conditions include a temperature of 37oC, pre-excystation
incubation in acid trypsin (pH 3.0-3.5), followed by incubation in bile salt at pH 7.6,
for a total incubation period of approximately 1hr. Sporozoite survival may fall off if
exposure to these conditions are extended to maximise their release (i.e. maximise the
number of empty oocyst shells). Some disinfection studies have used maximized
excystation, thus precluding the measurement of sporozoite ratios (Section 10 Table 3).
For some coccidia, there is a requirement for a pre-excystation period under reducing
conditions and the species of bile salt is critical, but this is not the case for
Cryptosporidium. Some excystation will also take place in the absence of the bile salt
and trypsin, even in water.  Armstrong et al., (1995a and b), like Finch et al., and
Ongerth (cited in Benton et al., 1991) emphasised the importance of counting
sporozoites as well as intact oocysts and empty oocyst shells (the Korich model).  It is
also important to recognise the delicate nature of excysted sporozoites and to minimise
the lysis of free sporozoites by, for example, removal of the sporozoites from the
excystment fluid, cooling of the excysted suspension to +4oC, glutaraldehyde fixation.

It has been reported that pre-treatment with chlorine and acidification may enhance the
excystation of oocysts (Black et al., 1996; Reduker and Speer, 1985; Sterling, 1990).
Some disinfection studies have used this excystation protocol, which will serve to
complicate interpretation and may invalidate comparisons with other disinfection
studies where chlorine has not been used during excystation.
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Armstrong et al., (1995) found that a 3-log reduction in viability could be achieved
with 2% wt/wt ozone for 120 seconds and that the rate of ozone aspiration controlled
the rate of inactivation. Thus, if the ozone had been fed faster then a higher rate of
inactivation would have been achieved.  They described the probable stepwise effect
on oocysts exposed to ozone which were consistent with the apparently anomalous
findings of Godfree and Casemore (1990) using a column diffusion plant with batch
ozonated water. Some other authors also referred to features of disinfection studies
such as the anomalous apparent increase in excystation (pseudo-excystation) at
increasing exposures and the concurrent loss of sporozoites, neither of which is taken
into account by the Woodmansee model.  The later (Armstrong et al.,) model permitted
a more rapid mass transfer of ozone, which is important, because the reaction is rate-
limited by the ability of ozone to be delivered to the water in the reaction chamber in
close proximity to the oocysts.  The authors noted the probability of parallel events and
the importance of delayed secondary effects of ozone on the oocyst wall and the
sporozoites within. This reaction is likely also to be affected by the number (i.e.
biological mass) of oocysts used, another variable in reported studies.

The kinetic aspects of ozonization are particularly important and these authors
emphasised that the conventional linear CT value is not an appropriate model.  The
findings of the study by Armstrong et al., (1995a and b) concluded that with an
appropriate delivery system, a 3 log (99.9%) reduction in viability could be achieved
with 2% (w/w) ozone for 120 seconds, without utilisation of all the available 03.  The
use of the higher concentrations of 03 which could be achieved (=>20%) were
recognised to be uneconomic, and to risk increased by-product production, but might
be considered when dealing with backwash waters or major contamination events.  In
some cases, the disinfection process may result in damage (reduction in viability) to, or
even destruction of sporozoites, while still permitting the opening of the apparently
undamaged oocyst wall. Maximized excystation counts, which do not include
sporozoite ratios, would therefore significantly underestimate the effect of a test
compound or disinfection system.

For this reason, in assessing disinfection efficacy by excystation, account needs to be
taken of:

• total numbers of oocysts compared with the control suspension (to allow for
complete destruction of some oocysts),

• ratio of full, partially emptied, and empty oocyst shells, and
• sporozoite numbers (maximum ratio of sporozoites to empty or partially

empty oocyst 4:1).

Failure to do so will invalidate the interpretation of disinfection data (Finch et al.,
1994; Armstrong et al., 1995; Casemore, 1995).  Models, which fail to take account of
such factors, cannot be considered sufficiently robust in scientific terms or for
translation to operational needs.

6.2 Assessment of viability by the use of fluorogenic stains

A variety of fluorogenic stains have been used for assessment of viability, and as an aid
to definitive identification, for a variety of parasites, including Cryptosporidium



Page 18 of 56

(Belesovic and Finch, 1996; Belesovic et al.,  1996, 1997; Campbell et al., 1992; Dowd
and Pillai, 1997; Grimason et al., 1994; Jenkins et al., 1997; Labatiuk et al., 1991;
Sauch et al., 1991). Their use may demonstrate integrity or permeability of the oocyst
wall, for example by resistance of the intact oocyst wall to penetration by propidium
iodide (PI), such integrity being lost during effective disinfection. Sporozoite nuclei of
both viable and non-viable oocysts may be stained by intercalation of the fluorogenic
dye 4',6-diamidino-2-phenylindole (DAPI) into the DNA within the nucleus, showing
four blue fluorescent dots within the oocyst by examination with appropriate
wavelength UV illumination. Other stains used include fluorescein diacetate (FDA),
hexidium, and the commercial nucleic acid stains SYTO-9® and SYTO-59®
(Belesovic et al., 1997).  It has been claimed that the viability of sporozoites within the
intact oocyst may be inferred from the DAPI reaction. However, this is incorrect as
nuclei in fixed (i.e. killed) oocysts also take up the stain. The application of DAPI is a
method used as an aid to identification. In addition, the DAPI/PI method on unfixed
oocysts in suspension is poorly reproducible and may leave a variable number of
oocysts unstained by either dye (i.e. DAPI -, PI-). Although it is said that the latter are
viable, much more needs to be known about these stains and the reasons for these
anomalies, probably related to changes in the oocyst wall.

The biological basis for these different tests and their function for evaluation of
treatment need to be properly understood. Viability as assessed by these methods is not
the same as that indicated by excystation and neither is it a measure of infectivity
although some studies have shown good correlation (Robertson et al., 1995; Fricker et
al., 1997; Korich et al., 1993). While figures have been derived for correlation of
results between this technique and excystation there are two factors which need to be
considered. Using the two methods in combination, the ratio of red (i.e. dead) oocysts
to those with four blue dots (viable sporozoites) should indicate survival rates.
However, a proportion of oocysts may:

• be destroyed totally;
• take up neither stain .

It is thus important that the total number of oocysts post-treatment be compared with
the control. This is usually achieved by incorporating direct or indirect
immunofluorescence using a specific (usually genus-specific) anti-cryptosporidial
monoclonal antibody (MAb). It may still, however, be important to check total oocyst
numbers by light microscopy, for example in a haemacytometer as treatment with
chlorine may reduce the intensity of staining in immunofluorescence (D Casemore,
unpublished observation).

6.3 In-vivo laboratory estimation of viability

For organisms that cannot readily be cultured, other means have to be used to estimate
disinfection efficacy in terms of infectivity. This has usually consisted of using an
established laboratory animal model such as mice or even fertile hens' eggs.
Cryptosporidium is an obligate parasite and the life cycle can therefore only occur in a
living host cell, either a suitable animal, or animal cells in culture (tissue culture), as
used for disinfection studies on viruses. C. baileyi, an avian species, can be grown in
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fertile hens eggs but this potential model does not seem to have been used for
disinfection study purposes. Several workers have proposed using animal models as a
measure of disinfection efficacy, even as a "gold standard" (Finch et al., 1993; Korich
et al., 1990, 1993, 1998). This has a number of disadvantages (Casemore, 1995).
Infectivity or otherwise in any animal model cannot safely be extrapolated to other
potential host species, including from mice to humans. Indeed, there is increasing
evidence that isolates differ in infectivity and that homologous host-to-host
transmission might involve a lower level of infectivity than that between different host
species (Casemore, 1998). It should be noted that for the disinfection of no other
organism is it a requirement to demonstrate post-treatment infectivity, as opposed to
viability, as a measure of efficacy.

Although not strictly speaking "in-vivo", the use of living cells in laboratory culture
(tissue culture) systems for detection of viable sporozoites excysted from oocysts, can
conveniently be considered under this heading and have been used in viability assays,
for example in drug susceptibility studies (Fayer 1997; Slifco et al., 1997; Woods and
Upton, 1998), and including in testing oocysts recovered from water samples (Brasseur
et al., 1998; Rochelle et al., 1997a and b; Slifco et al., 1997), including in disinfection
studies (LeChevallier et al., 1997; Wilson and Margolin, 1999).

Whether or not viable oocysts, or more accurately excysted sporozoites, are infective
for man is a separate issue - conventional disinfection studies on bacteria are not
predicated on demonstrating infectivity of any surviving bacteria but on survival (post-
treatment viability) per-se. This is a crucial argument in the context of assessment of
efficacy of disinfection of Cryptosporidium.

6.4 Molecular methods for indicating viability

Although not so far reported specifically for use in disinfection studies, several
molecular markers have been described for use in the detection of oocysts in water,
which in some cases give an indication of viability (Battigelli et al., 1997; Deere et al.,
1997; Mayer and Palmer, 1996; Rochelle et al., 1997a and b; Stinear et al., 1996;
Vesey et al., 1995; Wick et al., 1997; Wagner-Wiening and Kimmig, 1995; Weiderman
et al., 1997).
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Table 2. Techniques for assessing oocyst viability after contact with disinfectant.

Method Advantages Disadvantages
In vivo infectivity (usually
mice)

Only true measure of
infectivity

Slow, expensive, difficult to
interpret, insensitive and
ethical problems.

Tissue culture Measures cell infectivity
without using animals:
quantifiable

Interpretation
difficult/uncertain

Fluorogenic dye
inclusion/exclusion (e.g.
DAPI/PI)

Inexpensive, rapid and
sensitive

Does not measure
infectivity. Results do not
always correlate with
excystation or infectivity
studies. Poor reproducibility.

In vitro excystation/
sporozoite count

Inexpensive, rapid and
sensitive

May over-estimate
infectivity; results
influenced by assay
conditions

Dielectrophoresis Rapid, automated and can be
installed in situ at water
treatment works.

Rarely used, does not
measure infectivity, low
sensitivity

Molecular methods May be possible to infer
infectivity

Still developmental:
Interpretation uncertain
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7. General Discussion of Test Models Used

Korich et al., (1990) estimated that Cryptosporidium oocysts were 14 times more
resistant to chlorine dioxide and 30 times more resistant to ozone than Giardia cysts.  A
minimum of three logs reduction (e.g., in viable oocysts) is generally considered to be
required, at practicable CT values, with acceptable concentrations of by-products
formation, and which in many areas would have to operate at low ambient
temperatures. A direct relationship between concentration (C) and time (T) cannot,
however, be assumed for oocysts, especially for ozone and the effect of likely
operational temperatures needs also to be considered in laboratory models if the results
of experiments are to be meaningful.  The studies reported here used varying methods
of assessment in different experimental protocols; temperatures of test runs were often
unrealistically high.  In addition, the high concentrations of some compounds tested
would lead to unacceptably high concentrations of by-products, either directly or, for
example, by reaction with pipework materials in distribution (Anon, 1989).  In the case
of ozone, concern has been expressed about the high concentrations of bromate in
particular, which might be produced and for which there is a stringent Maximum
Admissible Concentration (MAC) in drinking water. Reported studies have used
different means of assessing disinfection efficiency, some more rigorous than others,
with different test protocols with, for example:

• different sources and pre-test conditions for oocysts;
• either continuous flow loading, stabilised loads, or batch testing with pre-

disinfected water;
• the disinfectant measured at different stages (input, average, integrated, and

residual);
• different test conditions (temperatures, pH, water type, etc);
• different sources and methods of preparation of oocysts used in testing;
• different systems for oocyst viability assessment.

Conventionally, disinfection tests on vegetative bacteria have been conducted on
“standard” strains of organism under reasonably well specified conditions.  The
disinfection process was often assumed to be a simple monomolecular “one hit”
reaction.  The reaction was therefore assumed to fit the Chick Watson formula as first
order for the disinfectant and zero order for the organism.  This assumption is not
necessarily correct, although for the action of chlorine on bacteria this has proved to be
a reasonable model in practice.  This leads to the expression of disinfection exposure as
a direct linear relationship of concentration and time, CT.

Ozonation would appear to offer the most promise for an effective disinfectant, despite
various possible disadvantages such as cost and DBPs.  Ozone disinfection of oocysts is
not accurately modelled by the first order “one hit” reaction scheme.  Various
mathematical models have been proposed to explain the kinetics involved, from the
non-first order “one hit” scheme of Hom (cited in Finch et al., 1994), to the first order
“multiple hit” of Armstrong et al., 1995 or pseudo-first order.  The concentration of
ozone, and of any active daughter species, is definitely variable at the oocyst/solution
interface.  Background demand can be very variable in terms of quantity and
“hardness” (defined as the susceptibility of ozone demand, the reaction rate constant),
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both between water sources and seasonally within a single source.  Oocysts are
complex structures unlike vegetative organisms in that the disinfectant sensitive
infective stage, the sporozoite, is within a protective case, the oocyst wall. The detailed
nature of the oocyst wall and its surface is poorly understood. When the multistage
nature of the reaction, which this structure produces, is taken into account, some of the
anomalies reported can be explained (Armstrong et al., 1995; Casemore, 1995).
In particular, such sequential damage potentially from various disinfection processes
may result in:

• Unaffected oocysts which excyst normally.
• Oocysts are destroyed by the disinfection process. The decrease in numbers is not

reflected in a viability assessment.
• Release of intact sporozoites during excystment which are dead and which may then

lyse (break up) on exposure to the excystation fluid.
• Dead oocysts which do not excyst.
• Oocyst suture ruptures spontaneously with release of dead sporozoite remains from

the oocyst (lysis within).   The oocyst then resembles a viable excysted or partially
excysted oocyst (pseudo-excystation).

• Oocysts disrupt.

Each of these stages may proceed in parallel with any of the others but an individual
oocyst would experience the stages in sequence.  These are not the characteristics of a
robust model.  Individual stages may be first order with respect to ozone and may also
be very rapid, to the extent that they become rate limited by the supply of ozone, and its
dissolution, to the locality of the oocyst.  The products of all stages of “disinfection”
will be present almost immediately after first exposure to the ozone though the
concentrations from the slower reactions may only become measurable after a more
prolonged period of time has elapsed.  For a stage-wise inactivation model it will be
necessary to determine a 'k' value for each of the stages.  These k values will then be
independent of the ozone delivery method and concentration, the concentration of
oocysts, and the degree of inactivation required.  For the non-linear models it is
reported that individual values of the rate constant (k), n (Cn), and m (Tm), need to be
derived for each initial ozone concentration, each initial oocyst concentration, and for
each degree of inactivation required.

It is clear that tests must be able to show the ability to kill sporozoites, either by direct
observation or, as suggested by some work , by infectivity studies.  Finch et al., 1994
have said that in vitro methods for measuring viability should not be used for assessing
disinfection as, in their view, this leads to an underestimation of  the proportion of
oocysts killed.

A possible explanation for their findings is that the apparent differences in effectiveness
of disinfection when assessed by animal inoculation as compared with excystation or
dye exclusion may reflect the difference between:

• the difference between true and pseudo-excystation values;
• the real significance of the biological state of sporozoite viability (as measured in

vitro);
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• variable minimum infective dose (MID) according to oocyst strain
• variable MID for the specific animal model used;
• The dose needed to achieve 50% (ID50), 99%, 99.9%, or 100% (ID100) infection, or

any other defined level, which is not linear.

If mice are inoculated with too few viable oocysts they might show no signs of
infection.  However, some oocysts might still be viable and potentially infective. Thus,
what is important is  what is left (i.e. oocyst numbers) after water treatment, not what is
removed, given that the absolute number, which might be in water at any given time, is
so variable.  Any move to establish animal infectivity as the “gold standard” would
have to overcome other problems such as the technical difficulties of reliably
inoculating suckling mice, variable susceptibility of mice strains, the variable
infectivity for mice of oocysts from different sources, and the effect of varying ages and
storage conditions of the oocysts used.  In addition, there are the difficulties implicit in
a test, which relies on animal studies and the extrapolation of findings to other potential
hosts including humans.  Animal models should thus not be regarded as a sine qua non
for estimating efficacy of disinfection.



Page 24 of 56

8. Published Studies on the Disinfection of Cryptosporidium in
Drinking Water.

The increasing relevance and significance of disinfection studies for the water industry
led to a number of reports of studies which have been conducted using widely varying
conditions, especially with regard to the temperature at which the test was performed,
the way in which disinfectant concentration was measured, sources of oocysts,
differing methods for assessing viability, viability vs infectivity etc; some studies have
looked at the response (% oocyst inactivation) to defined CT values, and others on the
CT value required to achieve any particular level (e.g. 99%) inactivation.

8.1 Chlorine and related compounds

It has been reported that the total loss of excystation ability of a human derived strain
of Cryptosporidium required exposure times of 24 hours to 8,000-16,000 mgl-1 free
chlorine (Smith et al., 1989). Studies on chlorine and chloramine were reported by
Sterling et al., (1989), also using in vitro excystation, which also showed impracticably
high CT values.  When oocysts were tested at 25oC, at pH7, a 100% kill CT of 9,600
mg.min/l was found for chlorine as assessed by in vitro excystation.  Similar
experiments assessed in vivo in mice gave a two-log reduction (99%) at a CT of 7,200
mg.min/l.  Chloramine tested by the same authors gave a CT for 100% kill of 9,600
mg.min/l by in vitro excystation; a CT of 7,200 mg.min/l produced only 90% (1 log)
reduction when assessed in vivo in mice.  Studies on chlorine dioxide showed a CT of
78 mg.min/l by in vitro excystation; assessed in vivo in mice the same CT yielded 90%
inactivation.  CT values required would generally be considerably higher at the lower
operating temperatures for many water treatment works, especially in winter.

Korich et al., (1990) found that oocysts of bovine origin were relatively more sensitive
to chlorine, achieving 90% inactivation within 90 min at 80 mgl-1.  Similarly, 99.9%
inactivation was achieved with 80 mgl-1 free chlorine after 2h, although the source of
the strain was not specified (Anon, 1989).  Ovine derived oocysts were relatively
unaffected by incubation in tap water with 5 mgl-1 chlorine for 7 days (Quinn and
Betts, 1993).  Similarly, Venczel et al., (1997) found the same concentration produced
no measurable inactivation after 24 hours. The source of the C. parvum oocysts in the
studies where it was specified (Korich et al., 1990 and Peeters et al., 1989), was bovine
and the CT values for these studies were 5-10 and 4 and 4.6 mg min l-1, respectively.

Peeters et al., (1989) reported on studies using chlorine dioxide and mouse infectivity
as a measure of efficacy showing somewhat lower CTs of 5-12.9 mg.min/l gave 1.5
logs (93.5-97%) inactivation. Korich et al., (1990), using both methods of assessment,
showed chlorine dioxide to be more effective than either chlorine or monochloramine.
Exposure to 1.3 mg/l chlorine dioxide yielded 90% reduction after 1 hour while 80
mg/l of the other two compounds were required for 90% inactivation in 90 minutes.
Ransome et al., (1992), using varying times and concentrations, found high level
resistance to chlorine, but a reduction of >90% in excystation after 15 mins exposure to
an initial 5 mg/l of chlorine dioxide.
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Other investigators have assessed the efficacy of chlorine based compounds such as
chlorine dioxide (LeChevallier et al., 1997), chloramines (Korich et al., 1990) and free
chlorine (Smith et al., 1989; Smith and Rose, 1990; Venczel and Sobsey, 1995; Korich
et al., 1990; Robertson et al., 1994; Anon, 1989;) and a mixture of free chlorine and
chloramine (LeChevallier and Norton, 1995; Gyurek, et al., 1997).

Chlorine dioxide is sometimes generated by the reaction of chlorine and sodium
chlorite and may hydrolyse into chlorate, chlorite and chloride ions.  It is possible
therefore, that all these components would be present simultaneously in water
disinfected with chlorine dioxide and the proportions of each determined by the
physico-chemical conditions of the water.  Liyanage et al., (1997) have recently
determined that it is the un-dissociated chlorine dioxide that is the main anti-
cryptosporidial component.

8.2 Ozone

Peeters et al., (1989) found that an initial concentration (Co) of 1.11 mg/l of ozone for
6 mins (CT 6.7 mg.min/l) completely inactivated 104 oocysts per ml when infectivity
was tested in mice (for which 1000 oocysts were needed to establish infection); 2.27 Co

for 8 mins (CT 18.2 mg.min/l) were needed for 5x105 oocysts per ml.  The temperature
for the test exposures was not specified.  Similar values were obtained in preliminary
tests at 20oC (range used 16-30oC) by Godfree and Casemore (unpublished report), in
tests designed for investigation of the potential for use in swimming pools (1990).
These workers, using in vitro excystation, noted some anomalous effects during
excystation including pseudo-excystation (see above) also noted by some other
workers. Sterling et al., (1989) found variable results depending upon the method and
timing of assessment (see below) but results suggested a CT of 5-10 mg.min/l gave
99% inactivation. Korich et al., (1990) found greater than 90% inactivation as measure
by infectivity with 1mg/l for 5 mins; temperature of test exposure was not specified.

Parker et al., (1993), using oocysts of bovine origin, found that at a starting
concentration of 5 mgl-1 ozone, total viability was lost after 2 min.  The oocysts used in
the study of Perrine et al., (1990) and which yielded the lowest CT value were derived
from horse faeces.  It is possible that C. parvum oocysts of ovine origin may be most
resistant to ozone, as at CT of 14.88 mg min l-1 only succeeded in approximately 95%
inactivation of oocysts (Quinn et al., 1996).  There is also some evidence that C. muris
(Owens et al., 1994) and C. baileyi (Langlais et al., 1990, 1991) may be more
susceptible to ozone than C. parvum.  These observations however, are only tentative
at present and may be a result of the different experimental protocols used in different
studies.  The different experimental protocols and apparatus design used in the above
studies (Section 10 Table 3) makes any conclusions drawn about the effect of strain
differences very tentative.

Parker et al., (1993) studied the effects of using different test systems and protocols for
ozone exposure, using fluorogen (DAPI/PI) inclusion/exclusion to assess viability.
They showed the critical effect of temperature and of maintaining a continuous
concentration (C) rather than starting with a particular residual value (batch test) which
would further decay to lower levels.  100% reduction in viability was found after 2
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mins with 5 mg/l, and 6 mins at 3 mg/l when oocysts were exposed to continuous
levels of ozone at 20oC. This temperature would, however, not normally be reached
under normal operational conditions in water treatment. Ransome et al., (1990) using
times varying from 10-30 mins, and mean concentrations of ozone of 0.1-1.8 mg/l
found >90% (92.3-98.6%) inactivation.

Owens et al., (1994) in pilot-scale studies used C. muris as a surrogate for C. parvum
and a counter-current ozone delivery system with river water to evaluate bench-scale
studies. Their results suggested CT values midway between those for C. parvum
excystation and mouse infectivity assays. Further pilot-scale studies on ozone treatment
were reported by Milner et al., (1997), again using both C. muris and C. parvum, as
well as other organisms including spores as a potential surrogate model. Other workers
have also suggested the use of surrogate markers (Chiou et al., 1997; Jakubowski et
al., 1996; Nieminski and Ongerth, 1995; Payment and Franco, 1993).

Quinn et al., (1993) used dielectrophoresis to detect differences in response in ozone
treated oocysts, compared with untreated oocysts. They found that there was a
relationship between the ratio obtained and that found with excystation and that the
relationship was non-linear with increasing ozone dose, and that these findings were
consistent with the results of a mathematical model for the system.

Ransome et al., (1992), using simple excystation ratios (i.e. without noting sporozoite
numbers) reported the effect of a range of ozone exposures and reported that nominal
ozone residuals of 1 mgl-1 caused over 95% average reduction in viability in 10mins.

Finch et al., (1993; 1994a and b) have carried out the most comprehensive studies to
date and have extensively explored the inactivation kinetics of ozone and other
disinfectants such as chlorine, against both Giardia and Cryptosporidium.  Using both
in vitro excystation and animal infectivity as methods of assessment, they tested ozone
disinfection with protocols using temperatures of 7oC and 22oC, and ozone
concentrations which conventionally expressed CT values of 3.5-7 mg.min/l (Finch et
al., 1993).  The ozone value was based on an integrated residual.  Further studies
(Finch et al., 1994) gave conventionally expressed CT values of 7.9-16.0 mg.min/l at
7oC, and 3.1-15.3 mg.min/l at 22oC. However, using a non-linear kinetic model based
on that described by Hom (1972) yielded Cn Tm values of 10.3 mg.min/l at 7oC and 3.7
mg.min/l at 22oC.  The authors emphasised the importance of counting sporozoites, the
Korich model, as opposed to the simple ratio of full to empty oocysts shells, described
as the Woodmansee model.  However, they also expressed the view that animal
infectivity studies were a better measure of activity (see above).

In some preliminary studies, Armstrong et al., (1995a and b) also explored the
inactivation kinetics for ozone using a novel electrolytic system capable of producing
high concentrations (2-=>20%) of 03 with continuous charging of the exposure vessel
and intense exposure of oocysts to 03.  These test parameters were designed to look at
treatment systems, which would maximise exposure and minimise by-product
production, particularly for the disinfection of water treatment effluents. Small
numbers of oocysts were exposed to low concentrations of ozone by Cambell et al.,
(1997) and the results assessed by the DAPI/PI method and excystation. It was found
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that the former method significantly over-estimated viability if the test was applied too
soon after exposure. Such delayed effects are implicit in the cascade model described
by Armstrong et al., (1995).

8.3 Mixed oxidants

There has been some interest in the use of mixed oxidants.  Although Robertson et al.,
(1994) reported that ozone appeared to be more effective alone than in combination
with either chlorine or hydrogen peroxide, synergy was found between ozone and
chlorine by Gyurek et al., (1997).  The electrochemical generation of mixed oxidants
can be carried out on-site, relatively inexpensively.  Mixed oxidants have been found
to be very effective at almost totally eliminating C. parvum within 4 hours at a total
oxidant concentration of 2 mgl-1 (Venczel and Sobsey, 1995).  In comparison, the same
concentration of chlorine alone had no effect.  Similar results were achieved by
Venczel et al., (1997), with concentrations of 5 mgl-1 total mixed oxidants or chlorine.
Concentrations of mixed oxidants less than 1 mgl-1, however, were of little value in the
inactivation of oocysts (Casteel and Sobsey, 1997). Yozwiak et al., (1994) used MIOX
system that generates mixed oxidant solution electrolytically from sodium chloride
brine. Effect was determined by excystation following exposure to various
concentration, time and temperature combinations and suggested that this provided a
potential means for disinfection of potable water.

8.4 Other methods

8.4.1 Iodination, etc

There have been a few studies carried out on iodine and its salts as
disinfectants, primarily for treating small volumes of water. Ransome et al.,
(1992) showed elemental iodine and hypo-iodous solution to be relatively
ineffective at practicable concentrations. They also evaluated the effect of
bromine and iodine-bromine with similar results. Iodinated water treatment
tablets for travellers were evaluated by Gerba et al., (1997), who found them to
be of poor efficacy.

8.4.2 Combined methods

Another approach to the inactivation of Cryptosporidium in water has been to
combine physical with chemical methods. Various combinations have been
evaluated.  These have included synergy between different disinfectants (Finch et
al., 1997), freezing and thawing with chlorine (Battigelli et al., 1996); sand
mixing with chlorine (Battigelli et al., 1996; Haas, 1995; Parker and Smith,
1993), the combined effect of other treatment procedures at water treatment
plants (Rose et al., 1996, Bellamy et al., 1993, Payment and Franco, 1993).
Watkins, (1995), using DAPI/PI and excystation, evaluated the use of ultrasound
to enhance disinfection. The effect of iodinated resin treatment, for use by
travellers, in conjunction with reverse osmosis or other cartridge filter, proved
more effective in killing or removing Cryptosporidium and other potential
pathogens from raw surface water (Naranjo and Gerba, 1997; Naranjo et al.,
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1997). Iodide resin, an effective disinfectant against bacteria and viruses, was
reported as having little effect on the viability of Cryptosporidium oocysts.  It
did, however, provide an effective matrix for the removal of oocysts from water
by electrostatic retention (Upton et al., 1988).

8.5 Non-chemical methods of disinfection

8.5.1 Effects of Raised Temperature

Several workers have commented on the effects of moderately increased
temperatures on oocysts (Anderson, 1985; Blewett, 1989; Casemore et al.,
1989; Casemore, 1995; Fayer, 1994; Fayer and Leek, 1984; Fayer and Nerad,
1996; 1997; Harp et al., 1996), which seem to reflect:

• Changes in oocyst wall permeability leading to increased penetration of
disinfectants;

• Premature activation of sporozoites leading to exhaustion of energy
reserves and thus reducing subsequent viability independently of any
disinfection effect.

Generally, the activity of all disinfectants examined in the study by Blewett and
colleagues (1989) was higher at 37°C than at 22°C.  This was attributed to the
oocysts becoming more permeable at host body temperature in order to aid
excystation in vivo. Ozone has been shown to be more effective at 20°C than at
5°C in one study (Parker et al., 1993), and to have a higher CT value at 7°C
than at 22°C in another (Finch et al., 1993).

Inactivation values at such increased temperatures are not appropriate for
potable water treatment but may be of value for special applications such as
swimming pool water disinfection. Here, the increased water temperatures used
may, particularly with the prolonged disinfectant exposures involved, and the
physical effects on oocysts walls of continuous filtration, enhance the effect of
otherwise ineffective disinfectant levels.

  8.5.2 U.V. Irradiation

Studies have indicated that UV irradiation is ineffective in the normal format
and levels used for water treatment.  It required 80 mW s cm-2 to achieve a 90%
reduction in viability and to achieve a 99% reduction would require 120 mW s
cm-2 which is considerably greater then the levels used in practice (Ransome et
al., 1992).  Preliminary studies by the author also showed the normal operating
levels to be ineffective.  Approaches to improving the efficiency of UV
treatment and increasing the exposure achievable promises to be capable of
effective disinfection (Abbaszadegan et al., 1997; Bolton et al., 1998; Campbell
et al., 1995; Clancy et al., 1997c; Lorenzo et al., 1993).
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8.6 Other (non-water related) disinfection studies

8.6.1 Veterinary/Hospital use

Disinfection of Cryptosporidium was studied initially, mainly for veterinary,
and hospital and domestic purposes.  Studies on disinfectants routinely used in
veterinary laboratories described by Campbell et al., 1982; Blewett, 1989;
Casemore et al., 1989; Fayer et al., 1996; Vassal et al., 1998.  Some commonly
used agents for disinfecting surfaces and instruments in hospitals have been
evaluated, include peroxygens (Ares-Mazas et al., 1997; Holton et al., 1994),
aldehydes (Holton et al., 1994; 1995; Angus et al., 1982), iodine-based
compounds (Upton et al., 1988; Holton et al., 1994), peracetic acids (Holton et
al., 1994),and various domestic and clinical compounds (Angus et al., 1982;
phenol (Blewett, 1988; Casemore et al., 1989; Holton et al., 1995; Vassal et al.,
1998; Wilson and Margolin, 1999).  In the latter study, the authors used chlorine
treatment excystation protocol of Finch et al., (1993), thus complicating the
interpretation of their findings.

Although the findings of some of these studies may be of value in evaluating
test models and in assessing potential compounds for water treatment the
toxicity or other characteristics of some of these agents makes them generally
unsuitable for use in disinfection of potable water. It has been stated that many
common disinfectants, including pine oil, phenol, lysol, ethanol, aldehydes and
quaternary ammonium compounds, have little effect on oocyst viability (Cordell
and Addiss, 1994).  Of the various disinfectants tested, hydrogen peroxide and
ammonia have both been observed to bring about reduction in the excystation
ability of Cryptosporidium sp. after relatively short contact times with oocysts
(Blewett, 1989; Casemore et al., 1989).

Disinfectants routinely used in veterinary investigation laboratories had a
negligible effect on calf-derived oocysts after a 2 h exposure period, although
ammonia and formalin did completely destroy infectivity after 18 h exposure
(Campbell et al., 1982).  As intestinal homogenates were used in place of
purified oocysts, the efficacy of disinfection was probably reduced due to the
additional organic load.

A 1% solution of 'Virkon', a mixture of oxidising agents, was appraised as a
possible anti-cryptosporidial agent, and found to reduce the excystation
potential by approximately 50% after 30 min contact at 22°C (Blewett, 1988).
In another study using calf-derived C. parvum oocysts (Ares-Mazas et al.,
1997), the same exposure conditions of time, concentration and temperature had
no effect on infectivity.  Exposure times of greater than 2 hours did show some
reduction, although infectivity was never totally abolished even after exposure
to 8- 10% 'Virkon' for time periods up to 6 h.  The lack of any anti-
cryptosporidial activity of 1% 'Virkon' and an iodine compound against bovine
oocysts was confirmed by Holton et al., (1994), at 37°C for 60 min.  However,
this study did reveal that 2 % glutaraldehyde, a quaternary ammonium
compound and a beta-ene compound ('Pentapon DC1') were highly effective in
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reducing excystation ability under the same conditions.  Infectivity of oocysts
obtained from bovine faeces and passaged 15 times in mice was found to be
unaffected by high concentrations of aldehydes-based disinfectants at room
temperature (Angus et al., 1982).  Again these results may have been influenced
by the fact that intestinal homogenates were used in this study.  Holton et al.,
(1995) found that glutaraldehyde did not completely destroy the excystation of
oocysts of human origin.  In contrast, 'Nu-cidex', a mixture of acetic acid,
peracetic acid and hydrogen peroxide, was considerably more effective with five
minutes exposure being sufficient for total eradication of viable oocysts.
Studies conducted on commercial disinfectants are generally difficult to
evaluate as they often containing a mixture of active agents.

Some success has been reported for gaseous disinfectants.  Cryptosporidium
oocysts derived from infected calves and subjected to an ammonia, ethylene
oxide or methyl bromide atmosphere for 24 h, failed to initiate infections in
mice (Fayer et al., 1996).  Formaldehyde, on the other hand, only brought about
a partial reduction in infectivity.  The volatilisation of ammonia in slurry stores
(Ruxton, 1995) and during silage production (Merry et al., 1997) has been
linked with a decrease in the viability of oocysts, although any quantitative
evaluation is difficult due to the undefined conditions associated with these
environments. Sundeman et al (1987) reported trials on a number of "domestic"
and other disinfectants for cleaning avian accommodation to treat contamination
with C. baileyi.
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9. Conclusions.

Disinfection studies have been conducted under very varying conditions, partly
reflecting the difficulties and constraints of handling this obligate parasite under
specified controlled conditions. The conditions used, however, do not always
realistically reflect the physical and chemical conditions that would apply in
operational use. Such studies may suffer because some workers with expertise in
parasitology have limited understanding of disinfection and water treatment, while
water experts may have limited understanding of the nature of this parasite.
However, studies have increasingly used appropriate multidisciplinary groups. Many
studies have indicated the unusual degree of resistance of Cryptosporidium oocysts
to disinfection, especially with fresh oocysts tested in laboratory conditions. There is
some evidence that, in practice, many oocysts found in the environment are non-
viable. In addition, the combined effects of current water treatment processes and
other environmental stresses may make oocysts more susceptible to the effects of
conventional or achievable levels of disinfectants, including chlorine (LeChevallier,
cited in Benton, 1991; LeChevallier and Moser, 1993; Parker et al., 1993; Robertson
et al., 1992).  The possibility also exists for synergistic effects from mixtures of
disinfectants such as moderate levels of ozone followed, for example, by chlorine-
based disinfectants required for maintaining residuals in distribution (Finch et al.,
1994).  Ozone is expensive but may be required in some treatment systems for
removal of pesticides or the control of colour, taste and odour problems.  In that case
the additional benefit of an effect on any oocysts present would be a bonus.  Whether
it could be justified on disinfection grounds alone is questionable. It may however,
be considered in newer, more efficient delivery formats for the treatment of
backwash waters, or dealing with contamination episodes, which would carry
benefits of both cost and resource management.

The various methods described above give differing measures of the biological state
of oocysts and the sporozoites within them, following exposure to disinfection and
other treatment processes. In addition, conditions of oocyst production and pre-test
storage, the inability to store standardised inocula in a suspended state of animation,
etc, all militate against the production of reliable and comparable, robust data from
different studies. No studies have been published to date which compare efficacy
against animal-derived oocysts (all studies to date), with those human-derived
isolates characterised as apparently confined to humans (Genotype 1) and which
appear to have been responsible for some major waterborne outbreaks (Casemore,
1998; Patel et al., 1997).  There are thus a variety of caveats that need to be
considered in using data derived from currently published disinfection tests, based
on the existing methods, to provide information for practical water disinfection
purposes, and further work is clearly required. In addition, relatively little is known
about the surface characteristics of oocysts (Ives, 1995). The effect that this might
have on disinfection studies has not generally been recognised in published work.
The cascade mechanism of action proposed by Armstrong et al (1995a,b) would
suggest that a more detailed understanding of the oocyst wall is a critical for
understanding the process of disinfection of Cryptosporidium.
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10. TABLE 3 Experimental disinfection models - oocyst sources, preparation and viability assessment methods

REFERENCE TYPE OF
DISINFECTION

SOURCE AND
STRAIN OF
OOCYSTS

CLEAN UP
METHOD

STORAGE
DETAILS
 (time, temperature
and method)

METHOD OF
TESTING
OOCYST
VIABILITY

ANY OTHER
COMMENT

Abbaszadegan et
al.,1997

POU + UV University of Idaho Sheather's sugar
flotation.

Not specified Not applicable: count
only if passed
through system.

No oocysts in
effluent to test
viability. Probably
Iowa bovine isolate

Angus et al., 1982 Tegodor, Formula-H
(aldehydes)

Bovine sporadic
isolate passaged in
Porton SPF mice.

None - suspension of
faecal + mouse gut
material in PBS.

Not specified Infectivity for mice. For veterinary use.

Archer et al., 1993 Ozone N/S (as supplied by
Yorkshire Water Plc
- probably Moredun)

Stock suspension
further washed in 0.5
mM SDS

Stored in distilled
water.

Experimental
diaelctrophoresis
compared with
controls

Large numbers of
oocysts used

Archer et al., 1995 Chlorine and ozone Moredun isolate Ready prepared
suspension.

Not specified. Dialectrophoresis NB Moredun strain is
a cervine isolate
maintained in calves
or lambs

Ares-Mazas et
al.,1997

Virkon (mixture with
potassium
monopersulphate)

Bovine isolate Ether extraction
+ Percoll gradient.

Not specified Mouse infectivity
with (CD-1 Swiss).

Hospital infection
control study
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REFERENCE TYPE OF
DISINFECTION

SOURCE AND
STRAIN OF
OOCYSTS

CLEAN UP
METHOD

STORAGE
DETAILS

(time, temperature
and method)

METHOD OF
TESTING
OOCYST

VIABILITY

ANY OTHER
COMMENT

Armstrong et al.,
1994 and 1995

Ozone Moredun isolate Ready prepared
suspension in PBS.

Not specified
(Known to be in PBS

at +4oC <=3/12th).

Excystation including
sporozoite counts.

Precise details of
oocysts preparation

not given.

Arrowood et al.,
1996

Pulsed light Iowa bovine isolate Sucrose followed by
caesium chloride

gradient then
suspended in PBS.

Not specified Mouse infectivity
(BALB-c) checked

by flow cytometry of
gut contents.

Large numbers of
oocysts used.

Black et al., FEMS
Letters 1996

Chlorine, ozone As described for
Finch et al.

As described for
Finch et al.

Not specified DAPI/PI
CD-1 Mouse

infectivity

Comparison of assay
models.

Blewett ,1989 Various hospital,
domestic and

veterinary.

Not specified
(Moredun).

Not specified. Not specified. Excystation and
mouse infectivity.

Early developmental
work.

Bolton et al., 1998 Modified (medium
pressure) UV

University of Arizona
(Harley Moon Iowa

bovine strain).

Caesium chloride PBS with antibiotics DAPI/PI, maximised
excystation and

mouse infectivity.
Campbell et al., 1995 Modified UV Sporadic bovine

isolate.
Sucrose and Percoll +4oC in water. DAPI/PI and

excystation with
sporozoite ratios.
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REFERENCE TYPE OF
DISINFECTION

SOURCE AND
STRAIN OF
OOCYSTS

CLEAN UP
METHOD

STORAGE
DETAILS

(time, temperature
and method)

METHOD OF
TESTING
OOCYST

VIABILITY

ANY OTHER
COMMENT

Campbell et al., 1982 Various "domestic"
chemical

disinfectants

Sporadic bovine
isolate passaged in

rats and mice.

20% intestinal
homogenate in PBS

Not specified Mouse infectivity Veterinary study

Carrington and
Ransome, 1994

Chlorine and ozone
with various other

stress factors

Moredun (several
batches)

As supplied PBS DAPI/PI Study primarily of
effect of stressors on

oocyst survival.
Casteel and Sobsey,

1997
Mixed oxidants

(MIOX)
Not specified Not specified Not specified Tissue culture assay. Abstract only

Clancy et al., 1997 Modified UV Bovine Not specified Not specified Mouse infect; excyst;
DAPI/PI; SYTO9/59;

Fayer, 1995 Sodium hypochlorite Bovine AUCP-1
strain

Pot. Dichromate,
used <1/12; sieved;
caesium chloride,

water.

DDW, used at <1/12 Mouse infectivity Oocyst production
given in detail in

earlier paper.

Fayer et al., 1996 Ammonia, carbon
monoxide, ethylene

oxide, formaldehyde,
methyl bromide

As above As above As above As above As above

Finch et al., 1993 Ozone Not specified Not specified DDW Mouse infectivity;
simple excystation

(no sporozoite count)
Finch et al., 1994 Ozone Bovine Iowa (Harley

Moon strain) via
Univ Arizona

Sieved/Tween 20;
Sucrose/tween 80 x3;

0.01% tween 20 +
antibiotics, +40C

Mouse infectivity
CD-1 mice; simple

excystation (no
sporozoite count).

Very comprehensive
study.
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REFERENCE TYPE OF
DISINFECTION

SOURCE AND
STRAIN OF
OOCYSTS

CLEAN UP
METHOD

STORAGE
DETAILS

(time, Temperature
method)

METHOD OF
TESTING
OOCYST

VIABILITY

ANY OTHER
COMMENT

Finch et al., 1995 Ozone and Chlorine Not specified Not specified Not specified Mouse infectivity
CD-1 mice; simple

excystation (no
sporozoite count) and

DAPI
Gerba et al., 1997 Iodine Bovine (Waterborne

Inc).
Sucrose Not specified Simple excystation

(no sporozoite
count).

Gyurek et al., 1997 Chlorine,
monochloramine

Not specified Not specified Not specified Neonatal CD-1 mice

Holton et al.,
1994;95

Glutaraldehyde;
Peracetic acid, etc

Unspecified bovine Previous reference
cited

2.5% Pot dichromate Excystation with
sporozoite ratio.

Hospital infection
control study

Jenkins et al., 1998 Ammonia Unspecified bovine Previous reference
cited (continuous
flow differential

density)

DDW + antibiotics DAPI/PI

Korich et al.,
1989;90

Ozone, free chlorine,
Chlorine dioxide,
Monochloramine

Unspecified bovine Sucrose, Percoll 2.5% Pot dichromate
+40C

Excystation with
sporozoite count;

Balb/c mice
FDA/PI

LeChevallier et al.,
97th Gen Mtg 1997

Chlorine dioxide Not specified Not specified Not specified Excystation
Tissue culture

Conference abst

Liyanage et al.,
1997a,b

Chlorine compounds See Finch et al See Finch et al See Finch et al See Finch et al

Lorenzo et al., 1993 UV Unspecified bovine Collected in Pot
dichromate; within
48hrs sieved, ether;

Percoll; DDW

Not specified Mouse infectivity
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REFERENCE TYPE OF
DISINFECTION

SOURCE AND
STRAIN OF
OOCYSTS

CLEAN UP
METHOD

STORAGE
DETAILS

(time, Temperature
method)

METHOD OF
TESTING
OOCYST

VIABILITY

ANY OTHER
COMMENT

Miltner et al., 1997 Ozone (pilot plant) Not specified Not specified Not specified Animal infectivity Conference abstr
Owens et al., 1994 Ozone (pilot plant) C. muris strain RN66

from Dr Iseki, Japan,
propagated in mice

Tween 20; sieved;
sucrose.

Stored in unspecified
diluent with
antibiotics.

Excystation only Large numbers
oocysts used.

Parker and Smith, 1993 Chlorine + sand Moredun isolate Stock suspension as
supplied.

Not specified DAPI/PI

Pavlasek, 1999 Various domestic
disinfectants

Not specified Not specified Not specified Mouse infectivity Veterinary study -
Czech language

paper
Peeters et al., 1989 Ozone, chlorine

dioxide
Unspecified bovine Pot Dichromate at

+4oC <24hrs; sieved;
ether; Percoll; DDW;
then to mice and gut
tissue homogenized

in DDW + antibiotics
<24hrs.

Not specified Mouse infectivity

Quinn et al., 1996 Ozone Moredun isolate via
lambs

Stock suspension as
supplied in PBS.

Stock suspension as
supplied.

Diaelectrophoresis Oocyst purification
reference to Hill et al

Quinn and Betts, 1993 Chlorine Moredun isolate via
lambs

Stock suspension as
supplied in PBS

Stock suspension as
supplied.

Maximised
excystation, no

sporozoite count
Ransome et al., 1992 Various including

chlorine, ozone,
peroxone, UV

Not specified Not specified Not specified Excystation without
sporozoite counts

Oocysts believed to
be Moredun
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REFERENCE TYPE OF
DISINFECTION

SOURCE AND
STRAIN OF
OOCYSTS

CLEAN UP
METHOD

STORAGE
DETAILS
(time, Temperature
method)

METHOD OF
TESTING
OOCYST
VIABILITY

ANY OTHER
COMMENT

Rasmussen et al.,
1995

Chlorine/chloramine Not specified Not specified Not specified Excystation without
sporozoite counts

Chlorine exposure
determined by redox

Smith et al., 1989 Chlorine Pooled human
isolates

Formol-ether; sieved;
sucrose; DDW

DDW +4oC Excystation without
sporozoite counts;

DAPI/PI

See also Anon 1990

Sundermann et al.,
1987

Various "domestic" C. Baileyi from
chicks

Refers to earlier
reference

Not specified Excystation Veterinary

Upton et al., 1988 Pentaiodide resin Bovine sporadic
isolate via goat

Sieved; pot
dichromate; nonidet
P40; sucrose;
caesium chloride.

Not specified but
used at 6/12th,
washed in DDW
prior to use

Excystation; mouse
infectivity.

Venczel et al., 1997 Mixed oxidents Iowa bovine Filtration; sucrose;
Percoll; PBS + BSA

Not specified Mouse infectivity

Watkins, 1995 Ultrasound Moredun isolate Not specified (as
supplied)

Not specified (as
supplied)

Excystation; DAPI/PI

Yozwiak et al., 1997 Mixed oxidants Not specified Not specified Not specified Excystation
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