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 EXECUTIVE SUMMARY 

The species of Cryptosporidium present on Regulatory and non-Regulatory Cryptosporidium slides 
cannot be determined microscopically because the dimensions of oocysts of those species which are 
infectious to humans can overlap with those species which are not infectious to humans. Confusion 
arises from the detection of oocysts which have no significance to human health. Polymerase chain 
reaction (PCR)-based methods can offer solutions to this dilemma, and also offer the potential for 
increased sensitivity and specificity for detecting waterborne Cryptosporidium oocysts on 
Regulatory (and non-Regulatory) Cryptosporidium slides. Currently, for many PCR assays, there is 
a distinct difference between laboratory and field data.  
 
We developed methods for removing coverslips from slides and oocysts from samples and validated 
oocyst removal from Regulatory and non-Regulatory sample slides. The methods developed were 
effective but time consuming. Freeze-thawing is an effective treatment for releasing 
Cryptosporidium DNA from small number of oocysts for PCR amplification, particularly when 
conditions to optimise disruption of the oocyst wall and release of sporozoite DNA are met. This 
method of DNA extraction is simple and reliable and purification is not necessary as long as Tween 
20 is added to the PCR mixture. We recommend this method where partially purified oocysts (e.g. 
following immunomagnetisable separation) are used for DNA extraction.  
 
Most methods for identifying Cryptosporidium species / genotypes are based upon amplifying 
target DNA by PCR, following which the amplified product is digested using restriction 
endonucleases which digest the product at defined sites into fragments of varying sizes, dependent 
upon the frequency of occurrence of the restriction site for the chosen endonuclease. The 
polymorphic fragments produced are resolved on gels, producing unique patterns which are 
indicative of defined species of Cryptosporidium. Digestion and resolution in gel provides 
information on species / genotype, and is named restriction fragment length polymorphism (RFLP). 
PCR-RFLP generates patterns which are equivalent to molecular signatures for the species.  
 
We used four loci (N18SDIAG, 18SXIAO, STNCOWP and MAS-PCR; see enclosed Report) for 
amplifying Cryptosporidium DNA from seeded slides as basing results on analysis at 1 locus can be 
misleading and confirmation from different loci provides greater strength to the analysis. Here, one 
locus (N18SDIAG) performed consistently better than the other 3 tested.  
 
In our initial studies on PCR assay sensitivity with C. parvum oocysts, N18SDIAG was more 
sensitive than 18SXIAO which, in turn, was more sensitive than STNCOWP and MAS-PCR, based 
on the percentage of samples positive and amplicon intensity. The reason for this sensitivity 
hierarchy is because the N18SDIAG, 18SXIAO loci are on a multicopy (ribosomal DNA) gene, 
while the STNCOWP locus is on a single copy (COWP) gene. PCR amplification of multi-copy 
genes is an useful approach to molecular identification as it provides enhanced sensitivity therefore, 
N18SDIAG, 18SXIAO primers should prove more sensitive than STNCOWP primers for 
amplifying Cryptosporidium DNA from small numbers of oocysts and probably should be used as 
the primary choice before considering STNCOWP for amplifying DNA from oocysts on Regulatory 
and non-Regulatory Cryptosporidium slides.  
 
We used oocysts of human derived C. felis, C. hominis and C. parvum and commercially purchased 
C. muris to determine the sensitivity of three loci tested (N18SDIAG, STNCOWP and 18SXIAO) 
primers to detect Cryptosporidium DNA extracted from DWIEQAL Regulatory slides. MAS-PCR 
did not prove sufficiently sensitive and was excluded from further analyses. Again the N18SDIAG 
primers generated the most positive results, the 18SXIAO primers performed less well and the 
STNCOWP primers produced fewest amplicons of lowest intensity. Our data indicate that the 
recommended hierarchy for amplifying Cryptosporidium DNA from slides of water concentrates 
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would be N18SDIAG, followed by 18SXIAO then STNCOWP to verify the presence of C. parvum 
/ C. hominis RFLP patterns. 
 
No Water Company sent us Regulatory slides containing Cryptosporidium oocysts. We received 
non-Regulatory Cryptosporidium slides from 2 Water Companies and 1 Water Utility in sufficient 
time to generate useful data. Extracted DNA was amplified with the N18SDIAG and 18SXIAO 
primers which recognise more DNA species signatures than STNCOWP primers. Initially, this 
decision was made empirically because we could not speculate which Cryptosporidium species 
were likely to be present in these non-Regulatory samples. Importantly, a finite volume of template 
(~40µL) and a theoretical requirement to repeat test a sample also focussed decisions to progress 
with this sequence of analyses. Should 1 of the 18s rRNA assays fail, sufficient template should be 
available for amplification with STNCOWP which could corroborate the presence of C. hominis / 
C. parvum DNA, the most important pathogenic species for humans, in a particular sample. 
 
As for the seeded samples, N18SDIAG proved more sensitive (higher percentage positivity and 
more intense amplicons) than 18SXIAO. One reason why the 18SXIAO primers were less effective 
in generating visible amplicons than the N18SDIAG primers is that the primary amplicon generated 
with 18SXIAO (∼1325 bp) is larger than that generated with N18SDIAG (655 - 667 bp). In one 
non-Regulatory sample, an amplicon, smaller than expected, was generated with N18SDIAG, 
which was not consistent with published data. Sequencing followed by database searching and 
sequence matching revealed a closest match (95% identity on a fragment length of 312 of 327 bp) 
with Cryptosporidium sp. KLJ-7, a new genotype identified in an isolate from wild geese in 
Canada.   
 
These findings highlight the fact that many Cryptosporidium species / genotypes / subtypes are 
present in the UK aquatic environment and that a sensitive molecular assay is required to determine 
the extent of environmental contamination with accepted and ‘novel’ species / genotypes / subtypes 
of Cryptosporidium. Consistently, the N18SDIAG primers were the most effective in detecting 
accepted (and novel species, based on sequence analysis and matching) of Cryptosporidium.  
 
A proportion of Cryptosporidium oocyst positive slides tested during this project failed to generate 
a PCR product at any of the genetic loci tested, but the limit of sensitivity is not based on oocyst 
number. Such variability is of importance when developing standardised methods for small 
numbers of oocysts on non-Regulatory and Regulatory Cryptosporidium sample slides and requires 
further investigation.  
  
The PCR-RFLP approach developed to determine the species / genotype of small numbers of 
Cryptosporidium oocysts on Regulatory and non-Regulatory Cryptosporidium sample slides may 
permit identification on a significant proportion of slides however, a proportion of slides will not be 
amenable to this identification approach. 
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OVERVIEW AND INTRODUCTION 
 
The protozoan parasite, Cryptosporidium, has been implicated in numerous waterborne and 
foodborne outbreaks of cryptosporidiosis (Smith and Rose 1990, 1998; Girdwood and Smith, 1999; 
Fayer et al. 2000; Slifko et al. 2000). Cryptosporidium has a complex life cycle, involving both 
asexual and sexual reproductive cycles, which is completed within an individual host, and 
transmission is via an environmentally robust oocyst excreted in the faeces of the infected host. 
Currently, there is debate concerning the number of species within the genus Cryptosporidium. 
Thirteen species of Cryptosporidium are considered to be valid and potentially can be present in our 
environment: Cryptosporidium hominis found predominantly in humans (Morgan-Ryan et al., 
2002), C. parvum, in man and other mammals (Tyzzer, 1912; Current and Garcia, 1991), C. 
andersoni in cattle (Lindsay et al., 2000), C. muris in mice (Tyzzer, 1910), C. felis in cats (Iseki, 
1979; Asahi, 1991), C. wrairi in guinea pigs (Vetterling et al. 1971; Chrisp et al. 1990), C. canis in 
dogs (Fayer et al., 2001) C. meleagridis in turkeys (Slavin, 1955), C. baileyi in chickens (Current et 
al., 1986), C. saurophilum in lizards (Koudela et al., 1998), C. serpentis in snakes (Levine, 1980), 
C. nasorum (Hoover et al., 1981) and C. molnari (Alvarez-Pellitero and Sitjà-Bobadilla, 2002) in 
fish. 
 
Recent genetic analyses reveal that more than one species of Cryptosporidium can infect 
susceptible, immunocompromised (Pieniazek et al., 1999; Morgan et al., 2000; Pedraza-Diaz et al., 
2001a,b; Guyot et al., 2001; Cacciò et al., 2002; Gatei et al., 2002), and immunocompetent 
(Katsumata et al., 2000; Pedraza-Diaz et al., 2001a,b; Xiao et al., 2001a) human hosts but C. 
parvum and C. hominis remain the most common species infecting man. Species of 
Cryptosporidium reported to have crossed host-specificity barriers and detected in human stools 
were: C. meleagridis, C. felis, C. muris, and C. parvum dog genotype. There is increasing molecular 
evidence suggesting that Cryptosporidium species other than C. parvum and C. hominis can infect 
both immunocompromised (C. meleagridis, C. felis and C. muris) and immunocompetent (C. 
meleagridis and C. felis) individuals. 
 
To date, all human volunteer infectivity studies have used C. parvum oocyst isolates. Of 29 healthy 
human volunteers, with no evidence of previous Cryptosporidium infection, 20% became infected 
following an oral dose of 30 C. parvum (Iowa isolate, bovine) oocysts (DuPont, et al., 1995). A 
dose of 300 oocysts caused infection in 88%, and 1000 oocysts produced infection in 100% of 
volunteers tested. The median infective dose was calculated to be 132 oocysts. Of the volunteers 
who excreted oocysts, 39% developed diarrhoea and one other enteric symptom. Those with 
diarrhoea excreted more oocysts than those without diarrhoea, and were more likely to excrete 
oocysts on consecutive days (Chappell, et al., 1996). Previous exposure confers some protection 
against reinfection. A 14 fold increase in ID50 occurred in volunteers with pre-existing anti-C. 
parvum serum IgG (Chappell et al., 1999).  
 
The infectivity of different C. parvum isolates can vary in healthy human adult volunteers. Isolates 
differed in their ID50, in their attack rate, and in the duration of diarrhoea they induced (Okhuysen et 
al., 1999). The median infectious dose is 9 oocysts for the TAMU (equine) isolate, 132 oocysts for 
the Iowa isolate and 1042 oocysts for the UCP (bovine) isolate of C. parvum (Okhuysen et al., 
1999). 
 
Transmission occurs via any route by which material contaminated with viable oocysts excreted by 
infected hosts can reach the intestine of a susceptible host. Person to person transmission, via the 
faecal-oral route, is a major route and has been documented between family / household members, 
health workers and their patients, and children in day-care centres (probably due to the lower 
standards of personal hygiene exhibited by pre-school children) and other institutions. 
Cryptosporidium oocysts are frequent contaminants of water, with contributions from infected 
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human and non-human hosts, livestock and agricultural practices and infected feral and transport 
hosts (Smith and Rose, 1990, 1998; Smith and Lloyd, 1997). The most important route of 
environmental transmission is through the contamination of water by oocysts (Robertson et al., 
1994; Lisle and Rose, 1995; Smith et al., 1995; Rose et al., 1997; Smith and Rose, 1998). 
Waterborne cryptosporidiosis, associated with community water systems, has been reported 
primarily from North America and Europe (Rose and Lisle, 1995; Smith et al., 1995b; Smith and 
Rose, 1998). 
 
In order to safeguard public water supplies from oocyst contamination, various recommendations 
have been made and the sampling and monitoring of water and environmental samples for oocysts 
has become a concern of increasing importance for the water industry and other interested bodies. 
Water microbiologists and epidemiologists require knowledge on the source and level of 
contamination, the viability of the organisms, the relationship to indicator organisms, and the 
reservoirs of infection, while engineers and utility operators require knowledge on (oo)cyst removal 
and inactivation by treatment processes. Regulators of drinking and wastewater programmes require 
to know where and when these organisms occur in water, the suitability and availability of 
monitoring methods, and whether treatment requirements should be standardised. 
 
Following a large outbreak of cryptosporidiosis in the Torbay area of Devon, where drinking water 
was strongly implicated, the case brought against the water company, of supplying water unfit for 
human consumption, was rejected by the Court on the grounds that epidemiological evidence was 
not admissible. The government promulgated Regulations to ensure that drinking water was treated 
to adequately remove Cryptosporidium spp. A treatment standard of an average of less than 1 
oocyst in 10 litres of water supplied from a treatment works, with at least 40 litres per hour of 
treated water going into supply was set. In order to permit the use of analytical evidence in a Court 
of Law, strict rules for all aspects of sampling and analysis were laid down and an information letter 
(DWI Information letter 10/99), since updated, identified the Protocol containing Standard 
Operating Protocols (SOPs) for monitoring Cryptosporidium oocysts in water supplies. 
Identification and enumeration of oocysts using modifications of Smith et al. (1989) and Grimason 
et al., (1994) is performed on air dried oocysts, methanol fixed onto glass microscope slides and 
stained with a DWI approved commercially available monoclonal antibody that recognises exposed 
epitopes on oocysts walls and the nuclear fluorogen 4'6-diamidino-2-phenyl indole (DAPI). Slides 
are viewed under the appropriate filters of an epifluorescence microscope and oocysts identified, 
measured and enumerated. 
 
All objects which fulfil the definition of a C. parvum oocyst must be included in the Regulatory 
count, as well as objects which are less than 4 x 4µm or greater than 6 x 6µm, which should be 
noted and included with the final report, but not in the Regulatory count. The species of 
Cryptosporidium cannot be determined by viewing Regulatory sample slides because the 
dimensions of oocysts from species which are infectious to humans and those which are not can 
overlap (Table 1). Molecular methods can offer solutions to this dilemma, and methods based on 
the polymerase chain reaction (PCR) are available for genotyping and speciating Cryptosporidium, 
primarily from stool samples where oocyst density, and hence extractable DNA, is high.  
 
Oocysts occur at low densities in water (Smith and Rose, 1990, 1998; Smith et al., 1995) and 
methods which can genotype small numbers of organisms reliably and reproducibly from water 
concentrates are required to determine which species occur, and with what frequency, in water. 
DNA extraction is at the centre of efficient PCR amplification and the detection of small numbers 
of oocysts by molecular methods. A standard, maximised method for DNA extraction from C. 
parvum oocysts is essential both for detecting small numbers of oocysts and for evaluating the 
sensitivity of detection by PCR using different primers. Disruption of the robust oocyst wall is a 
prerequisite to the release of sporozoite nuclei and effective DNA extraction, while the liberation of 
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DNA from bound protein, is essential both for efficient primer annealing and successful PCR 
amplification.  

Table 1. Differences in host range between species within the genus Cryptosporidium 

Cryptosporidium species Dimensions of 
oocysts (µm) 

Primary host Human host range 
Immuno(competent) 

Immuno(compromised) 
C. parvum 4.5 x 5.5 mammals Competent & compromised 
C. hominis 4.5 x 5.5 humans  Competent & compromised 
C. muris 5.6 x 7.4 mammals Competent 
C. andersoni 5.0-6.5 x 6.0-8.1 cattle No data 
C. felis 4.5 x 5.0 felids Competent & compromised 
C. wrairi 4.0-5.0 x 4.8-5.6 guinea pigs No data 
C. baileyi 4.6 x 6.2 gallinaceous birds No data 
C. meleagridis 4.5-4.0 x 4.6-5.2 Turkeys, humans Competent & compromised 
C. serpentis 4.8-5.6 x 5.6-6.6 snakes No data 
C. saurophilum 4.2-5.2 x 4.4-5.6 lizards No data 
C. nasorum 3.6 x 3.6 fish No data 
C. molnari 3.23-5.45 x 3.02-5.04 sea bream, sea bass No data 
Cryptosporidium sp. 4.5-6.0 x 3.6-5.6 bobwhite quail No data 
Cryptosporidium sp. 5.8-5.0 x 8.0-5.6 snakes, reptiles No data 

Key. Cryptosporidium species highlighted can infect human beings. 
 
Environmental contamination with oocysts of Cryptosporidium species that are not infectious to 
susceptible human hosts contributes to the difficulties in assessing the risk to public health from 
waterborne oocysts. The extent of the occurrence of species other than C. parvum in the 
environment is only now being addressed. Xiao et al. (2001b) reported the analysis of 29 storm 
water samples in the USA, which revealed the presence of Cryptosporidium spp. in 27 of them, 
mainly wildlife Cryptosporidium genotypes. The most common genotypes / species found in 
surface waters were C. parvum, C. hominis and C. andersoni, with C. andersoni reported to be the 
most commonly found in wastewater (8 samples). However, restriction fragment length 
polymorphism (RFLP) patterns indicated mixed populations and sequence analysis of the amplicons 
indicated that only 4 genotypes had 100% homology with previously known sequences. 
 
Environmental matrices contain many inhibitory substances in varying quantities, which will 
decrease the sensitivity of detection. This demands more effective methods both for neutralising 
inhibitory effects and extracting nucleic acids. IMS can reduce the inhibitors of PCR (e.g. clays, pH, 
humic and fulvic acids, polysaccharides and other organic compounds, salts and heavy metals, etc.) 
as well as other substances that co-purify with nucleic acids, and which are found frequently in 
water concentrates. Regulatory slides contain fluorescein isothiocyanate- and DAPI (a DNA 
intercalator)-stained Cryptosporidium oocysts, which could reduce or inhibit PCR amplification 
however, our experiences indicate that DNA extraction in our lysis buffer system does not reduce 
PCR amplification. Currently, for many PCR assays, there is a distinct difference between 
laboratory and field data.  
 
AIMS AND OBJECTIVES. 
 
To maximise the information derived from oocyst positive Regulatory sample sides, it would be 
useful to determine the species and subtype(s) of Cryptosporidium oocysts present. The objectives 
of this contracted research project are to: 
1. To investigate the possibility of extracting oocyst DNA from Regulatory sample slides. 
2. To apply a molecular typing and speciation scheme to the extracted DNA and to characterise the 
potential sensitivity of the methodology. 
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3. To report on the feasibility of carrying out routine typing and speciation of Regulatory samples 
taking account of the robustness, sensitivity, reproducibility, cost and staffing and equipment 
resource requirements. 
 
While various genetic loci are available for typing and subtyping Cryptosporidium DNA, for genus 
and species identification of Cryptosporidium DNA by PCR- restriction fragment length 
polymorphism (RFLP), the following genetic loci were used:  

Locus 1. N18SDIAG. The 18S rDNA gene fragment of Johnson et al. (1995), nested by Nichols 
et al. (2003).  
Locus 2. 18SXIAO. The 18S rDNA gene fragment of Xiao et al. (1999, 2001b).  
Locus 3. STNCOWP. The Cryptosporidium oocyst wall protein (COWP) gene fragment of 
Homan et al. (1999). 
Locus 4. MAS-PCR. The dihydrofolate reductase (DHFR) genotyping multiplex PCR of Giles 
et al. (2002).  

To confirm results where necessary, we sequenced the 18S rDNA gene fragment of Johnson et al. 
(1995).  
 
In order to address these objectives, and report our findings to DWI, the following Milestones were 
identified:  
1. Develop and validate a method for removing coverslips from Regulatory Cryptosporidium slides. 
2. Develop and validate a method for removing oocysts from Regulatory Cryptosporidium slides. 
3. Develop and validate a method for maximising DNA extraction from Cryptosporidium oocysts. 
4. Develop and validate sensitive molecular methods for species identification and genotyping of 
oocysts from SPDL prepared Regulatory Cryptosporidium slides.  
5. Develop and validate sensitive molecular methods for species identification and genotyping of 
oocysts from Regulatory Cryptosporidium slides. 
6. Prepare a 12 week progress report and a draft final report at 36 weeks after the contract start date. 
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MATERIALS AND METHODS 
 
Sources of Cryptosporidium oocysts.  
Purified C. parvum oocysts were obtained from the following 4 sources. 1) C. parvum oocysts of 
bovine origin (Iowa isolate, Pleasant Hill Farm, Idaho, USA), 2) C. parvum oocysts of ovine origin 
(MD, cervine-ovine, Moredun Research Institute, Edinburgh, UK), 3) C. muris (Waterborne Inc., 
New Orleans, USA) and 4) C. parvum, C. hominis and C. felis oocysts of human origin, obtained 
from routine submissions to the Scottish Parasite Diagnostic Laboratory (SPDL), Glasgow, UK. 
Oocysts from sources 1, 2 and 3 were supplied purified. All human isolates were purified by water-
ether concentration and sucrose floatation as described by Bukhari and Smith (1995). All oocysts 
were stored in reverse osmosis (RO) water, in the dark at 4°C until used.  
 
The following oocyst batches were used: C. parvum (Moredun isolates C1/03, C2/03), C. parvum 
(human origin, SPDL isolate no. 1740); C. hominis (human origin, SPDL isolate no. 1737); C. felis 
(human origin, SPDL isolate no. 1735); C. muris (isolate RN66, Lot number 041103). 
 
Enumeration of Cryptosporidium oocysts using an improved Neubauer haemocytometer. 
An improved Neubauer haemocytometer was used to determine the concentration of 
Cryptosporidium species oocysts in suspension. Briefly, a 10µl aliquot of oocyst suspension was 
pipetted onto a haemocytometer slide between the slide and coverslip. Oocysts were enumerated 
using Nomarski differential interference contrast (DIC) optics under the x40 objective. Each count 
consists of the total number of oocysts enumerated following examination of five individual 
haemocytometer grids (see DWI EQAL SOP no. SOPEQA007; Appendix 1A for the method). 
 
Preparation of oocyst suspensions containing a calculated number of oocysts per aliquot. 
A suspension of Cryptosporidium species oocysts with an approximate known number of oocysts 
was prepared either by direct dilution of the oocysts stock suspension or by flow cytometry. 
Direct dilution of the stock oocyst suspension.  
The oocyst density of the stock suspension was determined using an improved Neubauer 
haemocytometer (oocysts ml-1) and this was used to prepare the final suspension of oocysts (see 
DWI EQAL SOP no. SOPEQA019; Appendix 1B for the method). 
Flow cytometry.  
A Becton Dickinson FACScalibur flow cytometer was used to prepare suspensions containing 
Cryptosporidium species oocysts modified from the method of Reynolds et al. (1999; see DWI 
EQAL SOP no. SOPEQA026; Appendix 1C for the method). Flow sorted oocyst suspensions were 
used to prepare test slides and suspensions were stored at 2 - 8ºC prior to use. To ensure that flow 
cytometer sorted the required oocyst density, a proportion of sorted suspensions were filtered 
through 1.2 µm Millipore filter membranes, methanol fixed, stained with a genus specific 
monoclonal antibody that recognises exposed epitopes on Cryptosporidium species oocysts (FITC-
C-mAb; Cellabs Crypto Cel IF Antibody, TCS Water Services, Buckingham, UK) and examined 
using epifluorescence microscopy. 
 
Outline of oocyst staining procedure. 
Each oocyst suspension was pulsified for approximately 5 - 10 seconds before an aliquot was 
dispensed onto the well of a single welled microscope slide. The Pulsifier™ (Kalyx Biosciences 
Inc., ON, Canada) is a single speed pulsifier that generates a near uniform oocyst suspension 
following horizontal agitation. Samples were air dried at room temperature, methanol fixed and 
stained with FITC-C-mAb according to standard procedures (see DWI EQAL SOP no. 
SOPEQA019, Appendix 1B).  
 
Residual FITC-C-mAb was aspirated by tilting a slide to an angle of about 45°C from the horizontal 
towards the operator, and aspirating the fluid which collected at the bottom of the well by placing 



 9

the tip of an aspirator close to, but not touching, the fluid. One to two drops (50 – 100 µl) of 150 
mM phosphate buffered saline, pH 7.2 (PBS) was then dispensed from an eye dropper onto each 
well and allowed to stand for 2 min. Excess fluid was aspirated as described above and the washing 
procedure was repeated twice. One drop of DAPI was dispensed onto each horizontal well, allowed 
to stand for 2 min then aspirated, as described. Finally, a drop of deionised water was placed on 
each well for 1 - 3 sec, to ensure removal of residual PBS and DAPI, and the excess aspirated as 
described. Samples were mounted in 60:40 glycerol:PBS containing 2% (w/v) of the antifadant 1,4-
diazabicyclo[2,2,2]octane (DABCO) and a coverslip applied. Coverslips were allowed to settle onto 
the sample for approximately 30 min to 1 hour before they were sealed with nail varnish (see DWI 
EQAL SOP no. SOPEQA019, Appendix 1B). Test slides were stored at RT in the dark until 
examined. 
 
Microscopy. 
An Olympus BH-2 epifluorescence microscope equipped with Nomarski DIC optics was used to 
view the prepared slides. Epifluorescence microscopy using ultra-violet (UV) excitation (excitation 
355nm, emission 450 nm) was used to determine the presence of the DAPI stained sporozoite 
nuclei. A blue filter block (excitation 490 nm; emission 510 nm) was used to visualise FITC-CmAb 
emissions. Nomarski DIC optics was used to determine internal morphology. All evaluations for the 
presence of fluorescent nuclei and internal morphology were undertaken using both x 40 and x 100 
objectives. 
 
Microscopic examination of test slides. 
Each slide was examined according to DWI Standard Operating Protocol for the Monitoring of 
Cryptosporidium oocysts in Treated Water Supplies to Satisfy Water Supply (Water Quality) 
(Amendment) Regulations 1999, SI No. 1524 Part 2. An object, located under the x20 objective, 
which fits the initial criteria of a Cryptosporidium oocyst, was examined further using either the x40 
or x100 oil immersion objectives as required. DAPI intercalates with the nuclei of the 
Cryptosporidium oocysts sporozoites within viable or non-viable oocysts. The number of DAPI 
stained sporozoite nuclei present in each oocyst was determined and recorded. Nomarski DIC optics 
was used to assess the internal morphology of oocysts. 
 
Protocol for removing oocysts from test slides. 
All slides were processed to completion, individually. Slides were placed on absorbent tissue and a 
cotton swab moistened in nail varnish remover was applied onto the nail varnish to soften it. The 
perimeter of the coverslip was swabbed with the impregnated swab to soften the nail varnish, and 
the opposite end of the swab was used to scrape the nail varnish from the coverslip / slide interface 
onto the absorbent tissue. A clean scalpel blade was positioned between a corner of the coverslip 
and the slide surface and the coverslip was gently levered off the slide. The opposite end of the 
coverslip was held gently to avoid sideways movement of the coverslip or slide. Once lifted, the 
coverslip was inverted and placed onto the absorbent tissue. The Teflon-coated area of the 
Regulatory slide surrounding the well was dried with a small piece of folded absorbent tissue, then 
10µl of lysis buffer (LB; 50 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 0.5% SDS) were pipetted 
onto the well of the slide. The entire surface of the well was scraped with a sterile 10 µl 
bacteriological inoculation loop (Nunc, UK), and once scraped, the loop was placed on a support so 
that it did not rest on a contaminated surface. 
 
Residual LB was aspirated by tilting a slide to an angle of about 45°C from the horizontal towards 
the operator, and aspirating the fluid which collected at the bottom of the well by placing the tip of a 
P20 Gilson pipette fitted with a filter tipped pipette tip close to, but not touching, the fluid.  
 
The LB, containing the scraped sample, was pipetted into an appropriately labelled 1.5 ml screw 
cap microcentrifuge tube. A further 10 µl aliquot of fresh LB was deposited onto the sample well 
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using a clean pipette tip, and the sample scraped using the same inoculation loop. Once scraped, the 
loop was placed on a support so that it did not rest on a contaminated surface. All liquid was 
removed from the well as described above, then the slide was rotated through 180º and the slide 
scraping steps were repeated, twice again. The final volume of the sample amounted to ∼40µl. The 
loop was snapped, carefully, by pressing it against the inner wall of the microcentrifuge tube and 
the rim and left in the tube, which was capped. Swabs, gloves and absorbent tissues were disposed 
of immediately after each sample was removed from a slide. Once scraped, the slide was retained 
and re-examined by epifluorescence microscopy to determine the efficiency of the removal 
procedure. 
 
Preparation of oocyst lysate by freezing and thawing. 
DNA extraction was conducted in a designated area. Sample tubes were placed in a polystyrene 
rack, which was used to support the tubes during freeze-thawing. The polystyrene rack was floated 
on the liquid nitrogen (LN) for 1 min, fully immersing the tubes, then the rack was transferred to a 
65°C water bath for 1 min to defrost. This freeze / thawing cycle was repeated 15 times, and every 5 
cycles, tube contents were gently mixed by rocking the rack. Each sample was centrifuged at 14,000 
g for 10 sec to ensure that all the sample lysate was deposited at the base of the tube. Lysate was 
transferred into a clean tube containing 1.6 µL of proteinase K at 5 mg mL-1 using a pipette fitted 
with a filter tipped pipette tip and incubated at 55°C for 3 h in a water bath. Following incubation 
capped tubes were centrifuged at 14,000 g for 10 sec to ensure that all the sample lysate was 
deposited at the base of the tube. Samples were incubated at 90°C for 20 min in a water bath to 
denature proteinase K, chilled on ice for ∼1 min, then centrifuged at 14,000 × g, for 5 min at room 
temperature. All supernatant (approximately 30 µL) was transferred to a clean, labelled tube and 
stored at -20°C until used. 
 
Preparation of PCR reactions.  
PCR reactions were set up in a designated laboratory in a UV pre-sterilised hood. Each reaction was 
performed in either 50 or 100 µL containing pre-mixed reagents at final concentration of 200 µM of 
each of the four dNTP’s; BSA at 400 µg ml-1; MgCl2 at concentrations varying from 2.0 to 6mM, 
depending on the PCR assay; 2.5U of Taq polymerase; Tween 20 at 2% and primers at the  
published concentration specified for each assay in 1× PCR buffer IV. An equal volume of this 
reaction mixture was dispensed to 0.5 mL thin walled tubes and approximately 40µl of mineral oil 
added to each tube when the Model 480 thermocycler was used. The negative control (water) was 
prepared in the hood by pipetting the same volume under the mineral oil layer, then all tubes were 
transferred to the DNA extraction laboratory for DNA template addition (see Appendix 2). 
 
Five µl (for direct PCR assays or STNCOWP PCRs) or 2µl of DNA template (for primary PCR of 
two step nested PCR assays) of lysate (defrosted at room temperature, mixed by vortexing for 10 
sec and pulsed in microcentrifuge) were used for amplification. Three negative controls were set up 
with each PCR run: one using the water designated for preparing the megamix (performed in the 
laboratory designated for pre-PCR manipulations), one using LB set up before dispensing the test 
samples and one set up after all the test samples for an individual PCR run were dispensed. One 
positive control of a known DNA concentration, which was appropriate to each PCR run, was set up 
as the last sample. Tubes were placed in a thermal cycler programmed with the specific step cycle 
files used for DNA amplification with specific PCR methods outlined in Table 2. 
 
Detection of PCR product by gel electrophoresis. 
Preparation of 50× concentrated Tris-acetate-EDTA (TAE) buffer. 
In a 1L beaker, 242 g of TRIZMA base (Sigma T - 8404) were dissolved in 500 mL of reverse 
osmosis (RO) water. To this solution, 57.1 mL of glacial acetic acid (BDH - 10001) and 100 mL of 
0.5M EDTA, pH 8.0 (Sigma E - 7889) were added, mixed, and made up to a final volume of 1L 
with RO water (Sambrook, 1989, Appendix B23). The expected pH (7.5 - 7.8) was verified using a 
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pH meter (Mettler-Delta 340) and the 50x concentrated buffer was autoclaved for 20 min at 121°C 
and stored at room temperature. Prior to use, a 1:50 dilution in RO water was performed to give a 
final concentration of 40 mM Tris and 10 mM EDTA.  
 
Preparation of 6x gel loading buffer. 
6× gel loading buffer was prepared by weighing 50 mg of the dye indicator bromophenol blue in a 
15 ml plastic universal and dissolving the powder in 9.6 mL of RO water. To this solution 10 ml of 
glycerol and 0.4 mL of 50× TAE were added, mixed well and stored at room temperature. 
 
Preparation of agarose gels. 
Agarose solutions, 2% or 1.4% were prepared by weighing 2g or 1.4g respectively of agarose and 
adding the powder to a 250 ml conical flask containing 100ml of 1× TAE buffer. The agarose was 
melted thoroughly by heating in a microwave oven at ‘high’ power for 1 - 2 min. The solution was 
left to cool to approximately 50°C and 0.5 µg ml-1 final concentration of ethidium bromide (stock 
solution: 10 mg ml-1) were added, mixed by swirling and the agarose poured into a gel mould fitted 
with the appropriate comb for moulding the agarose gel wells. The gel was left to solidify at room 
temperature, transferred to the gel tank and submerged in 1× TAE buffer.  
 
Note: Ethidium bromide is a powerful mutagen. All manipulations using this reagent were 
performed according to COSHH. The operator must wear disposable gloves at all times; the 
handling of the powder should only be performed in a fume hood with the operator wearing a mask. 
Waste gels containing ethidium bromide are stored in a dedicated container with a screw top lid and 
disposed of periodically by a registered outside contractor. Buffer solutions containing low 
concentrations of ethidium bromide (0.5 µg ml-1) are decontaminated using charcoal particles 
(Charcoal Activated, Sigma C-5260) added to the buffer and left to react for 2h. The charcoal 
particles are then filtered through 3 MM type filter paper lining a funnel and the storage and 
disposal of both filter paper and charcoal particles are as for agarose gels.  
 
Sample preparation for gel electrophoresis.  
Six or 3 µl of 6× gel loading buffer were added to clean 0.5 ml microcentrifuge tubes and 20 or 10 
µl of PCR product, respectively, were mixed with the dye. The sample was loaded in the gel wells 
with a micropipette immediately before the electrophoresis run. DNA molecular weight DNA 
markers, (100 bp DNA ladder, Cat No. 15628-019, Life Technologies, UK), was diluted to give a 
final concentration of 0.5 µg per 10 µl in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and 
1× loading buffer and stored at 4°C. Five to 10 µl of the prepared DNA ladder dilution were run 
alongside the samples as DNA size references. 
 
Gel electrophoresis.  
The electrophoresis apparatus consisted of “submarine” gel tanks, a selection of combs (Anachem 
Ltd, UK) and a power supply (Electrophoresis power Supply 500/400, Pharmacia, UK). The 
samples were loaded into the wells of the gel, submerged in 1× TAE buffer, and run at 100V for 45 
min to 1h. When longer runs, to obtain better separation of small DNA fragments were required, 
ethidium bromide was added to the running buffer at 0.5 µg ml-1. When judged necessary for better 
visualisation of faint bands, gels were de-stained to remove unbound ethidium bromide from the 
gel. This was accomplished by placing the gel in a container immersed in RO water and gently 
shaking for 20 to 40 min before recording the results by photography. 
 
Gel electrophoresis image documentation. 
Visualisation of ethidium bromide stained DNA was performed by incident ultraviolet light 
illumination of gels using a UV Transiluminator (UVT-20M/V, Herolab; UV emission = 302 nm). 
Gels were also photographed using a Polaroid Camera (Direct Screen Instant Camera-34) using 
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Type 657 Polaroid film. Polaroid images were scanned into a computer using a SnapScan 1236, 
AGFA scanner and analysed using the AGFA Fotolook 3.00.05 program. Alternatively, a solid state 
CCD camera and image analysis software documentation system was used. The Gel Doc 2000, 
equipped with the QuantityOne software (Bio-Rad, UK) was used for gel documentation and 
quantitation of the PCR reactions. 
 
Enzymatic digestion of PCR products. 
Restriction enzymes used in this study. 
Restriction enzymes used in different sections of this work were DraI, VspI or AseI, SspI, DdeI, and 
TaqI. The buffers used with each enzyme were provided by the suppliers (Life Technologies / 
Invitrogen, Glasgow) and used according to their instructions. When simultaneous digestion with 
DraI and VspI was performed the buffer R2 was used. When simultaneous digestion with DraI and 
AseI was performed the buffer NE was used. This provides 100% efficiency of digestion with VspI 
and approximately 85% with DraI.    
 
Enzymatic digestion. 
Restriction digests were performed in 50 µl of 1× buffer of which 20 µl consisted of PCR product 
and 2 µl was the equivalent of 20U of each enzyme used. The tubes were incubated at 37°C (DraI, 
VspI or AseI, SspI and DdeI) or 65°C (TaqI) for 1 - 2h and the digested products were resolved in 
2% agarose gels. 
 
Table 2: Step cycle PCR protocols. 
 

Primers 
(assay) 

Step Cycle Protocol Reference 

 
CPB-DIAGF/R 
(Direct PCR) 
 

80°C, 5’; 98°C, 30”------------------------ 1 cycle 
55°C, 30”; 72°C, 1’; 94°C, 30”-------- 39 cycles 
72°C, 10’----------------------------------- 1 cycle 
4°C ------------------------------------------ soak 

 
Johnson et al. 
(1995) 
 

 
N-DIAGF2/R2 
(Primary PCR of  
two-step nested) 

94°C, 5’----------------------------Initial denaturation 
94°C, 1’; 68°C, 30”; 72°C, 30”--------35 cycles 
72°C, 10’ -----------------------------------1 cycle 
4°C ------------------------------------------soak 

 
Nichols et al. 
(2003) 

CPB-DIAGF/R 
(Secondary PCR of 
two-step nested) 
 

94°C, 1’----------------------------Initial denaturation 
94°C, 1’; 60°C, 30”; 72°C, 30”-----------35 cycles 
72°C, 10’ -------------------------------------1 cycle 
4°C ----------------------------------------------soak 

 
Nichols et al. 
(2003) 

 
CINF; CINR; 1R; 2R 
(Multiplex PCR) 

94°C, 5’ ---------------------------Initial denaturation 
94°C, 45”; 50°C, 1’; 72°C, 3’ -------------35 cycles 
72°C, 10’ -------------------------------------- 1 cycle 
4°C ------------------------------------------------soak 

 
 
Giles et al. (2002) 

 
Oocry 1, 2, 3 and 4 
(Single tube nested 
PCR) 

94°C, 5’ --------------------------- initial denaturation 
94°C, 1’; 67°C, 1’; 72°C, 1’---------------20 cycles 
94°C, 1’; 54°C, 1’; 72°C, 30”-------------35 cycles 
72°C, 10’ --------------------------------------1 cycle 
4°C ----------------------------------------------soak 

 
 
Homan et al. 
(1999)  

Xiao 18S F1/R1 and 
F2/R2 
(Primary and 
secondary PCR of 
two-step nested)) 

94°C, 3’ --------------------------- initial denaturation 
94°C, 45”; 55°C, 45”; 72°C, 1’------------35 cycles 
72°C, 7’ --------------------------------------1 cycle 
4°C ------------------------------------------------soak 

 
Xiao et al., (1999, 
2001b) 
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Table 3: Sequences of primers used in this study. 
 

Primer Sequences 5’ TO 3’ Gene target Reference 

CPB-DIAGF AAGCTCGTAGTTGGATTTCTG 

CPB-DIAGR TAAGGTGCTGAAGGAGTAAGG 

18S rRNA Johnson et 

al. (1995) 

N-DIAGF2 CAA TTG GAG GGC AAG TCT GGT GCC AGC 

N-DIAGR2 CCT TCC TAT GTC TGG ACC TGG TGA GT 

18S rRNA Nichols et 

al. (2003) 

Oocry 1 CCT GGA TAT CTC GAC AAT 

Oocry 2 GCG AAC TAA TCG ATC TCT CT 

Oocry 3 AGA TTA ACA GAA TGC CCA CCA GGT A 

Oocry 4 CCA TGA TGA TGT CCT GGA TTT TGT A 

 

COWP 

 

Homan et al. 

(1999) 

CINF GTG GGG ATT TAA CTT GAT TT 

CINR GGT ATT TCT GGG AAA TAA GT 

1R GCT GGA GGA AAT AAC GAC AAT TA 

2R TGT CCG TTA ATT CCT ATT CCT CTA 

 

DHFR 

 

Giles et al. 

(2002) 

Outer F1 TTC TAG AGC TAA TAC ATG CG 

Outer R1 CCC ATT TCC TTC GAA ACA GGA 

Inner F2 GGA AGG GTT GTA TTT ATT AGA TAA AG 

Inner R2 AAG GAG TAA GGA ACA ACC TCC A 

 

18S rRNA 

 

Xiao et al. 

(1999; 

2001b) 

 

 
Oligonucleotides primers. 
Oligonucleotides were purchased from Oswel (MWG Biotech. UK Ltd, Milton Keynes, UK) 
desalted by the manufacturer, and supplied desiccated. Specific sequences of primers used for each 
PCR assay are presented in Table 3, above. Primers were used in the PCRs as identified in the 
published methods. 
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RESULTS 
1. Develop and validate a method for removing coverslips from Regulatory Cryptosporidium 
slides. 
The method described was used and validated for removing coverslips from Regulatory 
Cryptosporidium slides. Consistently, the nail varnish softened almost immediately following 
application of the nail varnish remover, and once softened was easily removed with the stem of the 
swab without disrupting the sample. Coverslips were removed readily by gently prising one corner 
of the coverslip, as described. Both coverslips and slides were retained for microscopic examination 
(see below).  
 
2. Develop and validate a method for removing oocysts from Regulatory Cryptosporidium 
slides. 
The method described was used and validated for removing oocysts from Regulatory 
Cryptosporidium slides. Table 4 depicts a typical experiment using 48 samples. The number of C. 
parvum oocysts (Iowa isolate) deposited on slides ranged from 2 to 18, with a maximum of 3 empty 
oocysts deposited onto any individual well (Table 4). Either a 10 or 20 µl aliquot from a suspension 
of 1 x 103 oocyst ml-1 were used. Empty oocysts were detected in nearly 50% (22/48) of the 
samples, ranging from 1 – 3 empty oocysts per sample, and, at worst, constituted 50% of oocysts 
deposited in sample 3.3. Following scraping individual wells, slides were re-examined for the 
presence of oocysts. Only in 2 (4.2%) samples were oocysts detected following scraping and, in 
each instance, only 1 oocyst was detected (samples 5.4 and 6.2, column 3, Table 4). Re-examination 
of coverslips revealed no oocysts present (Column 3, Table 4). In a further series of experiments (n 
= 24) to determine whether oocysts were retained on coverslips, no oocysts were detected.  
 
Oocysts scraped from these samples were lysed and subjected to PCR using the N18SR2F2 assay of 
Nichols et al. (2003) in a preliminary experiment. Amplicons were produced with 87.5% (42/48) of 
samples following 70 cycles of amplification (Column 4, Table 4). In instances where PCR 
amplification was unsuccessful, the number of oocysts scraped from a sample ranged from 2 – 17 
(Column 4, Table 4). Sample 2.2 and 3.3, containing 2 intact oocysts each, generated positive 
amplicons. 
 
Table 4. Microscopic and molecular assessment of the effectiveness of scraping C. parvum 
(Moredun isolate C1/03) oocysts from seeded samples deposited onto welled slides.  
  

Sample 
No. 

Number of oocysts 
deposited on slide  
(no DAPI + nuclei) 

Oocysts detected 
on slide after 

scraping 

Oocysts 
remaining on 

coverslip 

PCR 
N18SR2F2 
(70 cycles) 

1.1 7 (2) 0  + 
1.2 8 (3) 0  - 
1.3 6 0  + 
1.4 6 0  + 
2.1 13 0 None + 
2.2 2 0 None + 
2.3 10 0 None + 
2.4 6 0 None + 
3.1 5 0  + 
3.2 9 (1) 0  + 
3.3 2 (2) 0  + 
3.4 4 0  - 
4.1 3 0  + 
4.2 5 0  + 
4.3 6 0  + 
4.4 4 0  + 
5.1 12 (1) 0  + 
5.2 15 (1) 0  + 
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5.3 12 0  - 
5.4 18 1  - 
6.1 18 (2) 0 None + 
6.2 11 1 None + 
6.3 11 (1) 0 None + 
6.4 12 (2) 0 None + 
7.1 11 (1) 0  + 
7.2 15 0  + 
7.3 10 (1) 0  + 
7.4 6 0  - 
8.1 13 (2) 0  + 
8.2 15 0  + 
8.3 9 (2) 0  + 
8.4 13 0  + 
9.1 13 0  + 
9.2 6 (1) 0  + 
9.3 10 (2) 0  + 
9.4 5 (1) 0  + 

10.1 9 (1) 0   + 
10.2 8 (1) 0   + 
10.3 3 (1) 0  - 
10.4 6 0   + 
11.1 5 0  + 
11.2 9 (2) 0  + 
11.3 11 (2) 0  + 
11.4 18 0  + 
12.1 11 (1) 0  + 
12.2 6 0  + 
12.3 16 0  + 
12.4 10 0  + 

 
Assessment of sample scraping procedure. 
The following two tables (Tables 5 and 6) show results obtained following oocyst enumeration prior 
to coverslip and sample removal, oocyst enumeration following sample scraping (Table 5) and 
oocyst enumeration following successful modification of the sample scraping method on a separate 
set of samples (Table 6). 
 
Initially, our scraping method removed the vast majority of oocysts from the slide well surface, but 
not all oocysts (Table 5). Sometimes, small numbers (1 – 3) of oocysts were detected after scraping 
(Table 5) typically in an undisturbed area located on the upper right hand side of the test slide well.  
 
Table 5: Examination of C. parvum oocysts in seeded samples before and after sample 
removal. 

 
No. of oocysts on sample well BEFORE 

coverslip and sample removal  
No. of oocysts on sample well AFTER sample 

removal 

Slide No. 
No. of 
oocysts 

Number of nuclei per oocyst 
No. of 
oocysts 

Number of nuclei per oocyst 

   0 x n 1 x n 2 x n 3 x n 4 x n  0 x n 1 x n 2 x n 3 x n 4 x n 
MD2/41 61 5 0 0 7 49 0 0 0 0 0 0 
MD2/42 75 5 0 2 3 65 1 1 0 0 0 0 
MD2/43 52 4 0 1 11(2) 36 2 2 0 0 0 0 
MD2/44 63 6 0 0 7(2) 50 1 1 0 0 0 0 
MD2/45 55 5 0 0 6(1) 44(1) 1 1 0 0 0 0 
MD2/46 74 5 0 4 8 57 1 1 0 0 0 0 
MD2/47 57 11 0 0 8(1) 38 2 2 0 0 0 0 
MD2/48 50 4 1 0 5 40 3 3 0 0 0 0 
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MD2/49 54 5 0 2 2(1) 45 0 0 0 0 0 0 
MD2/50 63 8 0 1 2 52 3 3 0 0 0 0 

Key:  MD = Moredun isolate (Batch C2/03); 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n = 1 DAPI positive 
nucleus seen per oocyst, 2 x n = 2 DAPI positive nuclei seen per oocyst, 3 x n = 3 DAPI positive nuclei seen per oocyst, 
4 x n = 4 DAPI positive nuclei seen per oocyst. Figures in parentheses indicate oocysts whose DAPI positive nuclei 
were externalised.  
 
We concluded that this area was probably missed because the person processing the slide was right 
handed. To address this problem, we adapted the slide processing method by rotating the slide 
through 180º following the first set of two scrapings so that the undisturbed area entered the area of 
scraping. Two further sets of scraping of the slide well were then performed. Once completed, we 
re-examined the slide using the epifluorescence microscope. All of the sample on the well surface 
was removed. This modification of the well scraping procedure enabled us to remove all oocysts 
successfully from the wells of slides.  
 
Table 6: Examination of C. parvum oocysts in seeded samples, following sample removal, 
using the modified method. 
 

Slide No. 
No. of oocysts 

before scraping 
sample 

Number of nuclei per oocyst 
No. of oocysts 
after scraping 

sample 
  0 x n 1 x n 2 x n 3 x n 4 x n  

MD2/4 7 1 0 0 3 3 0 
MD2/6 4 0 0 0 0 4 0 
MD2/8 4 0 1 0 1 2 0 
MD2/9 7 1 0 0 0 6 0 

MD2/10 5 0 0 1 0 4 0 
MD2/15 5 0 0 0 0 5 0 
MD2/16 6 0 0 0 0 6 0 
MD2/17 6 1 0 0 1 4 0 
MD2/18 7 3 0 0 0 4 0 
MD2/19 4 0 0 0 1 3 0 

Key:  MD = Moredun isolate (Batch C2/03); 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n = 1 DAPI positive 
nucleus seen per oocyst, 2 x n = 2 DAPI positive nuclei seen per oocyst, 3 x n = 3 DAPI positive nuclei seen per oocyst, 
4 x n = 4 DAPI positive nuclei seen per oocyst. 
 
3. Develop and validate a method for maximising DNA extraction from Cryptosporidium 
oocysts.  
A method for maximising DNA extraction from Cryptosporidium oocysts was developed prior to 
the commencement of the project and, following written agreement from DWI, this milestone, 
included in the original proposal, was excluded.  
 
4. Develop and validate sensitive molecular methods for species identification and genotyping 
of oocysts from SPDL prepared Regulatory Cryptosporidium slides.  
The following four loci were used: N18SDIAG, 18SXIAO, STNCOWP and MAS-PCR. In this 
series of experiments, both the number of C. parvum (Moredun isolate C1/03) oocysts per sample 
well and the number of DAPI positive stained nuclei in each oocyst were enumerated. Oocyst 
number per sample ranged from 4 – 23, with the majority of oocyst containing either 3 (3 x n) or 4 
(4 x n) nuclei (Column 3, Table 7). Occasionally, individual oocysts contained no (0 x n), 1 (1 x n) 
or 2 (2 x n) nuclei (Column 3, Table 7), and the largest number of empty oocysts (21%) occurred in 
sample MD8.   
 
Of the four PCR methods tested, N18SDIAG consistently generated the greatest number of positive 
results (Table 7), failing to generate an amplicon with three (MD26, MD34 and MD45) of the 30 
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samples tested. Amplicon intensities were strong (≥3+) in >96% of positive samples. Only with one 
sample (MD33, containing 9 oocysts, one of which contained no DAPI positive nuclei) was a faint 
band produced. Such a faint band probably would not contain sufficient DNA to digest for the 
products to be visualised on ethidium bromide stained agarose gels.  
 
STNCOWP generated predominantly negative results. Previous experience indicated that the 
detection limit of STNCOWP could be ≥10 intact oocysts, therefore samples MD1-10 were retested 
with this assay. Only one sample (MD5) generated a visible amplicon on retesting, indicating that 
the outcome of the first testing was probably correct. Neither 18SXIAO nor MAS-PCR generated 
visible amplicons with these samples (Table 7). Only 10 samples were tested with MAS-PCR 
because parallel testing with higher numbers of seeded C. parvum oocysts indicated that, even at a 
level of ∼50 oocysts per sample, MAS-PCR had difficulty in generating visible amplicons (Table 
8).  
 
Table 7. Assessment of the effectiveness of the four PCR assays tested (N18SDIAG, 18SXIAO, 
STNCOWP and MAS-PCR) in detecting the presence of C. parvum (Moredun isolate C1/03) 
oocyst DNA in the samples tested. Oocyst numbers were <25 per sample. 
 

Slide No. 
No. of 
oocysts 

Number of nuclei per oocyst N18SDIAG STNCOWP 18SXIAO MAS-PCR 

  0 x n 1 x n 2 x n 3 x n 4 x n     
MD1 23 2 0 1 12 8 3+ - / - - - 
MD2 21 0 0 1 7 13 3+ - / - - - 

MD3 13 0 0 1 6 6 4+ - / - - - 

MD4 23 1 1 2 5 14 4+ - / - - - 

MD5 20 1 0 1 6 12 4+ - / 1+ - - 

MD6 17 2 0 0 5 10 4+ - / - - - 

MD7 14 0 0 3 8 3 4+ - / - - - 

MD8 19 4 0 1 1 13 3+ - / - - - 

MD9 20 1 0 0 6 13 3+ - / - - - 

MD10 18 0 0 1 2 15 4+ - / - - - 

MD21 10 0 0 0 2 8 4+ - - NT 
MD25 9 1 0 1 4 3 4+ - - NT 
MD26 8 1 0 1 2 4 - - - NT 
MD27 9 0 0 0 5 4 4+ - - NT 
MD28 7 1 0 0 3 3 4+ - - NT 
MD33 9 1 0 0 1 7 Faint band - - NT 
MD34 10 2 0 0 2 6 - - - NT 
MD36 9 0 0 0 2 7 3+ - - NT 
MD39 8 0 0 0 4 4 4+ - - NT 
MD40 10 1 0 0 4 5 4+ 1+ - NT 
MD42 4 0 0 1 1 2 4+ - - NT 
MD43 6 1 0 0 1 4 4+ - - NT 
MD44 7 0 0 0 0 7 4+ - - NT 
MD45 5 0 0 1 2 2 - - - NT 
MD46 6 0 0 0 1 5 4+ - - NT 
MD48 7 0 0 0 3 4 4+ - - NT 
MD50 5 1 0 0 3 1 4+ - - NT 
MD58 5 0 0 0 4 1 4+ - - NT 
MD59 6 0 0 2 3 1 4+ - - NT 
MD60 5 0 0 1 3 1 4+ - - NT 
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Key. MD = Moredun isolate; NT = not tested; 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n = 1 DAPI positive 
nucleus seen per oocyst, 2 x n = 2 DAPI positive nuclei seen per oocyst, 3 x n = 3 DAPI positive nuclei seen per oocyst, 
4 x n = 4 DAPI positive nuclei seen per oocyst. 
 
The outcome of testing the sensitivity of the four PCR assays with low oocyst numbers (<25 C. 
parvum oocysts per sample) led us to increase oocyst numbers in order to develop a sensitivity 
titration for each assay. Ten samples, containing between 50 and 75 C. parvum oocysts, inclusive, 
per sample were used (Table 8). Here the results were more promising, with N18SDIAG, 
STNCOWP and 18SXIAO generating visible amplicons. Disappointingly, all MAS-PCR results 
were negative. Both N18SDIAG and 18SXIAO performed well generating digestible amplicons 
from each sample. On occasion, amplicons generated using N18SDIAG appeared brighter than 
those generating using 18SXIAO (Table 8).  STNCOWP generated amplicons from 70% of 
samples, but amplicon intensity was weak for all positive samples.  
 
Table 8. Assessment of the effectiveness of the four PCR assays tested (N18SDIAG, 18SXIAO, 
STNCOWP and MAS-PCR) in detecting the presence of C. parvum (Moredun isolate C1/03) 
oocyst DNA in the samples tested. Oocyst numbers were ≤≤75 per sample. 
 

Slide No. 
No. of 
oocysts 

Number of nuclei per oocyst N18SDIAG STNCOWP 18SXIAO MAS-PCR 

  0 x n 1 x n 2 x n 3 x n 4 x n 2 µL 5µL 2µL  5µL  
MD2/41 61 5 0 0 7 49 2+ 1+ 2+ - 
MD2/42 75 5 0 2 3 65 2+ 1+ 2+ - 
MD2/43 52 4 0 1 11 36 3+ 1+ 2+ - 
MD2/44 63 6 0 0 7 50 3+ 2+ 3+ - 
MD2/45 55 5 0 0 6 44 4+ 1+ 3+ - 
MD2/46 74 5 0 4 8 57 4+ - 3+ - 
MD2/47 57 11 0 0 8 38 4+ Faint band 3+ - 
MD2/48 50 4 1 0 5 40 4+ - 3+ - 
MD2/49 54 5 0 2 2 45 4+ Faint band 3+ - 
MD2/50 63 8 0 1 2 52 4+ - 3+ - 

Key. MD = Moredun isolate; 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n = 1 DAPI positive nucleus seen per 
oocyst, 2 x n = 2 DAPI positive nuclei seen per oocyst, 3 x n = 3 DAPI positive nuclei seen per oocyst, 4 x n = 4 DAPI 
positive nuclei seen per oocyst. 
 
Data presented in Table 7 indicated an inability of either STNCOWP or 18SXIAO PCRs to 
generate amplicons from the majority of the seeded samples. A smaller series of oocyst titrations 
were prepared and both STNCOWP and 18SXIAO were used to amplify extracted DNA. The 
results are presented in Table 9. A series of C. parvum (Moredun isolate C2/03) oocyst dilutions, 
ranging from 5 – 106 oocysts per sample was prepared, with the majority of oocysts containing 
either 3 (3 x n) or 4 (4 x n) nuclei (Column 3, Table 9). In this instance both STNCOWP and 
18SXIAO produced visible amplicons at all oocyst densities, but not with all samples. These results 
were in far closer agreement with our preliminary data.  
 
Table 9. Assessment of the effectiveness of 18SXIAO and STNCOWP in detecting the 
presence of C. parvum (Moredun isolate C1/03) oocyst DNA in the samples tested. Oocyst 
numbers were ≤≤106 per sample. 
 

Slide No. 
No. of 
oocysts 

Number of nuclei per oocyst STNCOWP 18SXIAO 

  0 x n 1 x n 2 x n 3 x n 4 x n 5µL  2µL  
MD2/10 5 0 0 1 0 4 1+ 4+ 
MD2/15 5 0 0 0 0 5 1+ - 
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MD2/21 10 1 0 1 1 7 - - 
MD2/26 10 0 0 0 2 8 Faint band 4+ 
MD2/31 19 2 0 0 1 16 Faint band 4+ 
MD2/36 22 1 0 0 5 16 Faint band 4+ 
MD2/52 106 8 0 5 28 65(1) 3+ 4+ 
MD2/56 106 3 0 6 38 59 2+ 4+ 

Key. MD = Moredun isolate; 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n = 1 DAPI positive nucleus seen per 
oocyst, 2 x n = 2 DAPI positive nuclei seen per oocyst, 3 x n = 3 DAPI positive nuclei seen per oocyst, 4 x n = 4 DAPI 
positive nuclei seen per oocyst. 
 
Although developing a nested MAS-PCR assay was identified in our tender document, it was not 
entertained following the above outcomes, as it would be time consuming without any evidence of 
it being an effective competitor to N18SDIAG, STNCOWP and 18SXIAO, all nested PCRs. 
Therefore, for the Cryptosporidium species sensitivity assays, only N18SDIAG, STNCOWP and 
18SXIAO were tested (Table 10). Only N18SDIAG and 18SXIAO were tested against the four 
Cryptosporidium species, since the STNCOWP primers are specific for C. hominis and C. parvum 
DNA only.  
 
Table 10. Assessment of the effectiveness of three PCR assays tested (N18SDIAG, 18SXIAO 
and STNCOWP) in detecting the presence of C. felis, C. muris, C. hominis and C. parvum 
oocyst DNA in the samples tested. Oocyst numbers were ≤≤25 per sample.  
 

Slide No. 
No. of 
oocysts 

Number of nuclei per oocyst N18SDIAG STNCOWP 18SXIAO 

  0 x n 1 x n 2 x n 3 x n 4 x n 2µL  5µL  2µL  
F5 9 0 0 0 2 7 4+ NA - 
F7 5 0 0 1 2 2 4+ NA - 
F10 5 0 0 0 0 5 4+ NA - 
F19 5 0 0 1 0 4 4+ NA - 
F23 11 0 0 0 3 8 1+ NA - 
F24 9 0 0 0 0 9 - NA Faint band 
F32 21 1 2 0 2 16 4+ NA - 
F36 22 3 0 1 0 18 4+ NA - 
F40 24 4 0 2 1 17 4+ NA - 
M1 6      - NA - 
M2 3      1+ NA - 
M3 3      1+ NA - 
M21 2      1+ NA - 
M22 2      2+ NA - 
M23 5      3+ NA - 
M41 14      4+ NA 4+ 
M42 20      Faint NA - 
M43 15      2+ NA - 
H1 5 0 1 0 1 3 4+ - Faint band 
H9 6 1 0 1 1 3 4+ - - 
H10 10 0 0 0 3 7 4+ - 1+ 
H17 5 0 0 0 0 5 4+ - - 
H23 10 0 0 1 2 7 4+ - 1+ 
H40 10 0 0 0 0 10 4+ - - 
H44 20 0 0 3 2 15 4+ Faint band Faint band 
H47 21 0 0 1 7 13 4+ 1+ 2+ 
H50 20 0 0 2 4 14 4+ 1+ 4+ 
P1 5 0 0 0 0 5 - - - 
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P8 5 0 0 0 0 5 - - - 
P13 5 0 0 0 0 5 - - - 
P18 11 0 0 0 2 9 - - - 
P19 10 0 0 0 0 10 - - - 
P20 10 0 0 0 0 10 4+ - - 
P23 21 0 0 0 2 19 4+ - 1+ 
P25 19 0 0 1 0 18 - - - 
P28 20 1 0 0 3 16 - - - 

Key. F = C. felis; M = C. muris; H = C. hominis; P = C. parvum; 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n 
= 1 DAPI positive nucleus seen per oocyst, 2 x n = 2 DAPI positive nuclei seen per oocyst, 3 x n = 3 DAPI positive 
nuclei seen per oocyst, 4 x n = 4 DAPI positive nuclei seen per oocyst; NA = not applicable. 
 
Nine slides containing oocysts of each of the four species tested were prepared. Oocyst number per 
sample ranged from 2 – 24, inclusive, with the majority of oocysts containing either 3 (3 x n) or 4 (4 
x n) nuclei (Column 3, Table 10). Occasionally, individual oocysts contained no (0 x n), 1 (1 x n) or 
2 (2 x n) nuclei (Column 3, Table 10).  Once air dried and stained, the C. muris oocysts, purchased 
from Waterborne Inc., USA, exhibited poor rim fluorescence with variable intensity, irregular in 
shape with some collapsed walls and diffuse DAPI staining, making enumeration of DAPI positive 
oocysts impossible. As no alternative source of C. muris oocysts was available during the duration 
of the project, DNA from these oocysts was extracted and amplified.  
 
Again, most positive outcomes were amplified with the N18SDIAG primers, the 18SXIAO primers 
performing less well and the STNCOWP primers producing few, low intensity amplicons (Table 
10). With the N18SDIAG assay, 8 of 9 C. felis samples, 8 of 9 C. muris samples, 9 of 9 C. hominis 
samples and 2 of 9 C. parvum samples were amplified. In general, amplicon intensity was good, 
with the exception of C. muris samples. With the 18SXIAO assay, only 1 of 9 C. felis samples, 1 of 
9 C. muris samples, 6 of 9 C. hominis samples and 1 of 9 C. parvum samples were amplified. Here, 
amplicon intensity was poor (Table 10). With the STNCOWP assay, only 3 of 9 C. hominis samples 
and 0 of 9 C. parvum samples were amplified. Again, amplicon intensity was poor (Table 10). 
N18SDIAG primers exhibited variability in maximising amplicon intensity for different 
Cryptosporidium species. For example, C. muris amplicons were less intense than C. felis or C. 
hominis amplicons, and few (2/9) amplicons were generated with C. parvum samples. 
 
5. Develop and validate sensitive molecular methods for species identification and genotyping 
of oocysts from Regulatory Cryptosporidium slides. 
Requests to 8 Water Companies / Water Utilities for Regulatory Cryptosporidium slides were made 
during the duration of the project. Two Water Companies and one Water Utility responded in time 
to generate useful data. These were Severn Trent Laboratory, AES Ltd. and Scottish Water. Neither 
Severn Trent nor AES were prepared to submit Regulatory slides, but did submit non-Regulatory 
slides instead.  
 
Severn Trent Laboratory 
Severn Trent Laboratory provided 10 non-Regulatory Cryptosporidium slides, but none had any 
accompanying information. The slides were in such poor condition, containing numerous large air 
bubbles, that microscopic evaluation was impossible.  
  
Coverslips were removed from non-Regulatory Cryptosporidium slides, oocysts removed, DNA 
extracted and subjected to PCR amplification with N18SDIAG and 18SXIAO primers as the 
species of Cryptosporidium likely to be present in these samples was unknown. Of the 10 samples 
tested, 9 produced amplicons with N18SDIAG while 6 produced amplicons with 18SXIAO (Table 
11). Of the 9 positive amplicons generated with the N18SDIAG primers, 8 were intense (3+) while 
all 6 of the 18SXIAO amplicons were equally intense.  
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Table 11. Assessment of the effectiveness of two PCR assays tested (N18SDIAG and 
18SXIAO) in detecting the presence of Cryptosporidium oocyst DNA in the non-Regulatory 
Cryptosporidium slides tested. Slides provided by Severn Trent Laboratory. 
 

Slide ID Slide No. N18SDIAG 18SXIAO 
  2µL 2µL 

ST1 619008 3+ - 
ST2 783926 3+ 3+ 

ST3 791564 - - 
ST4 600493 3+ 3+ 
ST5 601180 3+ 3+ 

ST6 602392 3+ 3+ 
ST7 775661 3+ - 
ST8 597359 3+ 3+ 

ST9 610202 1+ - 
ST10 607077 3+ 3+ 

 
The amplicons generated with both N18SDIAG and 18SXIAO primers were digested with the 
relevant endonucleases to generate fragment sizes and RFLP patterns described in the respective 
publications (Tables 1 - 4, Appendix 3). All nine positive amplicons amplified with the N18SDIAG 
generated RFLP patterns consistent with published data (Table 12). Sample ST3 did not generate 
either an amplicon or digestion products. With the N18SDIAG assay, C. muris can be distinguished 
readily from C. andersoni by further digestion with DdeI, and C. parvum from C. hominis by 
sequencing the amplicon. In addition to the DNA of these Cryptosporidium species, C. meleagridis 
DNA was present in sample ST7. 
 
Table 12. Results obtained following digestion of N18SDIAG PCR2 amplicons with AseI and 
DraI. Slides provided by Severn Trent Laboratory. 
 

ID Slide No. Cryptosporidium species 
ST1 619008 C. muris or C. andersoni / C. parvum or C. hominis 
ST2 783926 C. muris or C. andersoni / C. parvum or C. hominis (extra bands ~140 & 240 bp) 

ST3 791564 Negative 
ST4 600493 C. muris or C. andersoni / C. parvum or C. hominis 
ST5 601180 C. muris or C. andersoni / C. parvum or C. hominis 

ST6 602392 C. parvum or C. hominis 
ST7 775661 C. meleagridis 
ST8 597359 C. muris or C. andersoni / C. parvum or C. hominis 

ST9 610202 C. muris or C. andersoni / C. parvum or C. hominis 
ST10 607077 C. muris or C. andersoni / C. parvum or C. hominis 

 
Five of the 6 positive amplicons amplified with the 18SXIAO primers generated RFLP patterns 
consistent with published data (Table 10; Figures 1 and 2, Appendix 4). Sample ST5 produced an 
amplicon whose RFLP pattern differed from data published by Xiao et al. (1999, 2001). Samples 
ST1, 3, 7 and 9 did not generate either an amplicon or digestion products. C. muris or C. andersoni, 
C. hominis and C. meleagridis DNA were detected using the 18SXIAO assay (Table 13).  
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Table 13. Results obtained following digestion of the 18SXIAO PCR2 amplicon with AseI and 
SspI. Slides provided by Severn Trent Laboratory. 
 

ID Slide No. Cryptosporidium species 
ST1 619008 Negative 
ST2 783926 C. muris or C. andersoni 

ST3 791564 Negative 
ST4 600493 C. muris or C. andersoni / C. hominis 
ST5 601180 Cryptosporidium sp. (430 & 400 bp bands with AseI; 600 & 104 bp bands with SspI) 

ST6 602392 C. hominis 
ST7 775661 Negative 
ST8 597359 C. muris or C. andersoni / C. hominis / C. meleagridis 

ST9 610202 Negative 
ST10 607077 C. hominis 

 
The outcomes of both 18S assays with respect to the number of species of Cryptosporidium 
detected are compared in Table 14. In general, the results of positive PCR-RFLPs are comparable 
but the N18SDIAG assay identifies a greater number of mixtures of species than does the 18SXIAO 
assay. 
 
Table 14. Comparison of results obtained for species of Cryptosporidium present on non-
Regulatory slides provided by Severn Trent Laboratory. 
 

ID Cryptosporidium species N18SDIAG Cryptosporidium species 18SXIAO 
ST1 C. muris or C. andersoni / C. parvum or C. hominis Negative 

ST2 
C. muris or C. andersoni / C. parvum or C. hominis 
 (extra bands app. 140bp and 240bp) 

C. muris or C. andersoni 

ST3 Negative Negative 
ST4 C. muris or C. andersoni / C. parvum or C. hominis C. muris or C. andersoni / C. hominis 
ST5 C. muris or C. andersoni / C. parvum or C. hominis Cryptosporidium sp. (430 & 400 bp bands with AseI; 

600 & 104 bp bands with SspI) 
ST6 C. parvum or C. hominis C. hominis 

ST7 C. meleagridis Negative 
ST8 C. muris or C. andersoni / C. parvum or C. hominis C. muris or C. andersoni / C. hominis / C. meleagridis
ST9 C. muris or C. andersoni / C. parvum or C. hominis Negative 

ST10 C. muris or C. andersoni / C. parvum or C. hominis C. hominis 
 
AES Ltd.  
AES Ltd. provided 8 non-Regulatory Cryptosporidium slides, and their accompanying information 
is provided in Table 15, below.  
 
Table 15. Additional data accompanying non-Regulatory Cryptosporidium slides provided by 
AES Ltd. 

Site Lab Code No. of oocysts Source 

Rochester Raw 1260128 2 Rural Reservoir 
Gunnerton Raw 1260368 2 Rural Reservoir 

Broken Scar Raw 1262968 1 River Tees 
Lumley 1265475 11 River Wear 

Horsley Raw 1262973 24 River Tyne 
Whittle Dene Raw 1266588 3 River Tyne 

Horsley 1267036 66 River Tyne 
Horsley 1266756 90 River Tyne 
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The slides were in acceptable condition and microscopic evaluation was performed. The results are 
presented in Table 16.   
 
Table 16. Microscopic and molecular (N18SDIAG and 18SXIAO) assessment of non-
Regulatory Cryptosporidium slides provided by AES Ltd. 
 

Site ID Slide No. 
No. of 
oocysts 

Number of nuclei per oocyst N18SDIAG 18SXIAO 

    0 x n 1 x n 2 x n 3 x n 4 x n 2µL 2µL 
Rochester Raw A1 1260128 2 1 0 0 0 1 1+ - 
Gunnerton Raw A2 1260368 2 0 0 0 1 1 3+ - 

Broken Scar Raw A3 1262968 ? ? ? ? ? ? 3+ 3+ 
Lumley A4 1265475 49 4 1 6 22 16 3+ 3+ 

Horsley Raw A5 1262973 15 0 0 0 4 11 3+ - 
Whittle Dene Raw A6 1266588 3 0 0 2 1 0 3+ - 

Horsley Raw A7 1267036 130 15 0 6 56 53 3+ 3+ 
Horsley Raw A8 1266756 80 10 1 14 35 20 3+ 3+ 

Key. 0 x n = no DAPI positive nuclei seen per oocyst, 1 x n = 1 DAPI positive nucleus seen per oocyst, 2 x n = 2 DAPI 
positive nuclei seen per oocyst, 3 x n = 3 DAPI positive nuclei seen per oocyst, 4 x n = 4 DAPI positive nuclei seen per 
oocyst. 
 
Oocyst number per sample ranged from 0 – 130, inclusive, with the majority of oocysts containing 
either 3 (3 x n) or 4 (4 x n) nuclei (Column 3, Table 16). More frequently than in the seeded 
Regulatory slides, individual oocysts contained no (0 x n), 1 (1 x n) or 2 (2 x n) nuclei (Column 3, 
Table 16). Coverslips were removed from Regulatory Cryptosporidium slides, oocysts removed, 
DNA extracted and subjected to PCR amplification with N18SDIAG and 18SXIAO primers as the 
species of Cryptosporidium likely to be present in these samples was unknown. Of the 8 samples 
tested, all produced amplicons with N18SDIAG while 4 produced amplicons with 18SXIAO (Table 
16). Of the 8 positive amplicons generated with the N18SDIAG primers, 7 were intense (3+) while 
all 4 of the 18SXIAO amplicons were equally intense. Interestingly, sample A3, which could not be 
evaluated microscopically because one large air bubble completely filled the sample well generated 
intense amplicons both with N18SDIAG and 18SXIAO. 
 
Seven of 8 positive amplicons amplified with the N18SDIAG primers generated RFLP patterns 
consistent with published data. Sample A6 generated an unrecognised RFLP pattern. C. muris / C. 
andersoni, C. parvum / C. hominis and C. meleagridis DNA were present in these samples (Table 
17). 
 
Table 17. Results obtained following digestion of the N18SDIAG PCR2 amplicon with AseI 
and DraI. Slides provided by AES Ltd. 
 

Site ID Slide No. Cryptosporidium species N18SDIAG 
Rochester Raw A1 1260128 C. meleagridis pattern (extra band at ~350 bp) 
Gunnerton Raw A2 1260368 C. meleagridis 

Broken Scar Raw A3 1262968 C. muris or C. andersoni / C. parvum or C. hominis 
Lumley A4 1265475 C. muris or C. andersoni / C. parvum or C. hominis 

Horsley Raw A5 1262973 C. parvum or C. hominis 
Whittle Dene Raw A6 1266588 Major bands of 240 & 260 bp & faint bands of 340 & 104 

bp present (pattern not identifiable) 
Horsley Raw A7 1267036 C. muris or C. andersoni / C. parvum or C. hominis 
Horsley Raw A8 1266756 C. muris or C. andersoni / C. parvum or C. hominis 
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All positive amplicons amplified with the 18SXIAO primers generated RFLP patterns consistent 
with published data (Figures 1 and 2, Appendix 4). C. muris / C. andersoni, C. hominis and C. 
meleagridis DNA were present in these samples (Table 18). 
 
Table 18. Results obtained following digestion of the 18SXIAO PCR2 amplicon with AseI and 
SspI. Slides provided by AES Ltd. 
 

Site ID Slide No. Cryptosporidium species 18SXIAO 
Rochester Raw A1 1260128 Negative 
Gunnerton Raw A2 1260368 Negative 

Broken Scar Raw A3 1262968 C. muris or C. andersoni 
Lumley A4 1265475 C. muris or C. andersoni / C. hominis 

Horsley Raw A5 1262973 Negative 
Whittle Dene Raw A6 1266588 Negative 

Horsley Raw A7 1267036 C. muris or C. andersoni / C. hominis 
Horsley Raw A8 1266756 C. muris or C. andersoni / C. hominis 

 
The outcomes of both 18S assays with respect to the number of species of Cryptosporidium 
detected are compared in Table 19. In general, the results of positive PCR-RFLPs are comparable 
but the N18SDIAG assay identifies a greater number of mixtures of species than does the 18SXIAO 
assay. 
 
Table 19. Comparison of results obtained for species of Cryptosporidium present on non-
Regulatory slides provided by AES Ltd. 
 

ID Slide No. Cryptosporidium species N18SDIAG Cryptosporidium species 18SXIAO 
A1 1260128 C. meleagridis pattern (extra band at ~350 bp) Negative 
A2 1260368 C. meleagridis Negative 
A3 1262968 C. muris or C. andersoni / C. parvum or C. hominis C. muris or C. andersoni 
A4 1265475 C. muris or C. andersoni / C. parvum or C. hominis C. muris or C. andersoni / C. hominis 
A5 1262973 C. parvum or C. hominis Negative 
A6 1266588 Major bands of 240 & 260 bp & faint bands of 340 

& 104 bp present (pattern not identifiable) 
Negative 

A7 1267036 C. muris or C. andersoni / C. parvum or C. hominis C. muris or C. andersoni / C. hominis 
A8 1266756 C. muris or C. andersoni / C. parvum or C. hominis C. muris or C. andersoni / C. hominis 

 
Scottish Water  
Scottish Water provided 6 non-Regulatory Cryptosporidium slides. Table 20 shows the results 
obtained following microscopic examination of each slide and the outcome of PCR with the 
N18SDIAG, 18SXIAO and STNCOWP assays. Only N18SDIAG produced visible amplicons, with 
a satisfactory (3+) intensity.  
 
Table 20. Microscopic and molecular (N18SDIAG, 18SXIAO and STNCOWP) assessment of 
non-Regulatory Cryptosporidium slides provided by Scottish Water. 
 

ID Slide No. 
No. of 
oocysts 

No. DAPI+ No. DAPI- N18SDIAG STNCOWP 18SXIAO 

     2 µL 5µL 2µL 
SW1 G2576 22 14 8 3+ - - 

SW2 G2542 50 35 15 3+ - - 
SW3 G2577 53 41 12 3+ - - 
SW4 G2578 34 28 6 3+ - - 
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SW5 C5976 29 23 6 3+ - - 

SW6 G2606 3 3 0 3+ - - 
 
Five of 6 positive amplicons amplified with the N18SDIAG primers generated RFLP patterns 
consistent with published data. The size of PCR2 amplicon produced from sample SW5 was 
slightly smaller than expected (Figure 3, lane 5, Appendix 4). C. muris / C. andersoni, C. parvum / 
C. hominis and C. meleagridis DNA were present in these samples (Table 21). 
 
Table 21. Results obtained following the digestion of the N18SDIAG amplicon with AseI and 
DraI. Slides provided by Scottish Water. 
 

ID Cryptosporidium species N18SDIAG 
SW1 C. parvum and C. meleagridis 
SW2 C. parvum and C. meleagridis 
SW3 C. parvum and C. meleagridis 

SW4 C. parvum and C. meleagridis 
SW5 C. muris / C. andersoni 
SW6 C. parvum 

 
The amplicon from SW5, which was slightly smaller than expected (Figure 3, lane 5, Appendix 4) 
was investigated further. Following digestion of the SW5 N18SDIAG amplicon with AseI / DraI a 
C. muris / C. andersoni RFLP pattern was generated (Figure 4, Appendix 4). With DdeI, three 
bands (∼80, ∼180 and ∼205 bp) were generated. Although slightly different, this pattern is more 
similar to C. parvum than C. muris or C. andersoni (Figure 5, Appendix 4).  
 
Both the N18SDIAG PCR1 and 2 amplicons of Scottish Water sample SW5 were investigated by 
sequencing, which provided a readable fragment of 327 bp from the amplicon. BLAST 
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) search resulted in closest identity with 
Cryptosporidium sp. KLJ-7 - a new genotype identified in an isolate from wild geese in Canada 
(95% identity on a fragment length of 312 of 327 bp).  
 
6. Prepare a 12 week progress report and a draft final report at 36 weeks after the contract 
start date. 
Both reports have been completed. 
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DISCUSSION 
 
The species of Cryptosporidium present on Regulatory and non-Regulatory Cryptosporidium slides 
cannot be determined microscopically because the dimensions of oocysts of those species which are 
infectious to humans can overlap with those species which are not infectious to humans (Table 1). 
Confusion arises from the detection of oocysts which have no significance to human health. 
Molecular methods can offer solutions to this dilemma, and methods based on PCR are available for 
genotyping and speciating Cryptosporidium, primarily from stool samples where oocyst density, 
and hence extractable DNA, is high. PCR also offers the potential for increased sensitivity and 
specificity for detecting waterborne Cryptosporidium oocysts on Regulatory (and non-Regulatory) 
Cryptosporidium slides. Sensitivities from 1 – 10 organisms have been cited (e.g. Rochelle et al. 
1997; Kaucner and Stinear, 1998), as has the discrimination between human pathogenic and non-
pathogenic organisms. Currently, for many PCR assays, there is a distinct difference between 
laboratory and field data. Effort has been directed towards efficient extraction of parasite DNA, 
selection of parasite specific primers and overcoming the effects of inhibitors such as clays, humic 
and fulvic acids, polysaccharides and other organic compounds, salts and heavy metals, etc. 
(Nichols et al., 2003; Nichols and Smith, In press). 
 
Freeze-thawing is an effective treatment for releasing Cryptosporidium DNA from small number of 
oocysts for PCR amplification, particularly when conditions to optimise disruption of the oocyst 
wall and release of sporozoite DNA are met (Nichols and Smith, In press). This method of DNA 
extraction is simple and reliable and purification is not necessary as long as Tween 20 is added to 
the PCR mixture. We recommend this method where partially purified oocysts (e.g. following 
immunomagnetisable separation) are used for DNA extraction. To quality assure our data, we 
determined the effectiveness of freeze thawing by enumerating both the number of sporozoite 
nuclei retained within oocysts and the number of empty oocysts using DAPI and FITC-C-mAb, and 
the quality of the extracted DNA by serial dilution in a PCR assay (Nichols and Smith, In press).  
 
Swabbing hardened nail varnish used to seal Regulatory and DWI Cryptosporidium External 
Quality Assurance Laboratory (DWIEQAL) slides with nail varnish remover enabled the ready 
removal of their coverslips. The nail varnish softened almost immediately and was easily removed, 
following which the coverslip could be gently prised off the slide without disrupting the sample. We 
validated oocyst removal from DWIEQAL microscope slides by enumerating the number of FITC-
C-mAb stained oocysts together with the number of DAPI stained nuclei each contained before and 
after coverslip removal. No oocysts were detected on removed coverslips (Table 4). Their retention 
on the wells of Regulatory slides presumably is due to the DWI SOP for fixing, staining and 
coverslip mounting of samples, which causes oocysts to adhere to the glass well and places a layer 
of mounting medium between the sample and the sealed coverslip.  
 
Both intact and empty C. parvum oocysts were detected in these slides, which reflects the situation 
encountered when viewing Regulatory sample slides. Using Moredun C. parvum isolate C1/03 
oocysts, empty oocysts were detected in nearly 50% of these samples, ranging from 1 – 3 empty 
oocysts per sample. In one sample, empty oocysts constituted 50% of oocysts deposited in the 
sample however, the outcome of PCR amplification of sample DNA was positive indicating that 
oocyst disruption and DNA release was maximised and that PCR could prove useful for amplifying 
released DNA from small numbers of intact oocysts on Regulatory and non-Regulatory 
Cryptosporidium slides. Removal of oocysts by scraping the wells of sample slides with a sterile 
microbiological loop was also effective (Table 4) and in only 2 samples were oocysts detected 
following scraping. In each instance, only 1 oocyst was detected on the scraped well (Table 4). By 
modifying our initial method for scraping oocysts from samples, we demonstrated that we could 
remove all oocysts present in samples.  
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We used four loci for amplifying Cryptosporidium DNA from non-Regulatory slides as basing 
results on analysis at 1 locus can be misleading and confirmation from different loci provides 
greater strength to the analysis. We included the locus of Johnson et al. (1995) because the primers 
are well chosen, have been shown to work in a variety of scenarios and the authors tested their 
method for cross reactions against a total of 23 microorganisms that might be encountered in water 
concentrates. However, we considered that the threshold of detection would be too low to amplify 
DNA from small numbers of oocysts regularly, even though the authors identified a detection limit 
of 1 – 10 oocysts. To develop a more sensitive and robust test, we nested these primes and showed 
that the nested assay could detect small numbers of waterborne oocysts regularly (N18SDIAG; 
Nichols et al., 2003).  
 
We chose the PCR-RFLP method of Xiao et al. (18SXIAO; 1999, 2001b) because it can determine 
all currently recognised species and the following C. parvum genotypes (monkey, cat, pig, mouse, 
ferret). However, the method has not been tested for cross reactivity against such a broad panel of 
microorganisms (only 3 tested) as that of Johnson et al. (1995), and, in the absence of cross 
checking with the Johnson et al. (1995) method, could produce misleading data. Previously, the 
PCR-RFLP methods of Xiao et al. (1999, 2001b) and the nested PCR-RFLP of Homan et al. 
(STNCOWP; 1999), which appears to be C. parvum specific, had shown promise in determining 
Cryptosporidium species of oocyst DNA extracted from waterborne oocysts. The MAS-PCR of 
Giles et al. (2002) was included because differentiation between C. parvum and C. hominis DNA 
relies on amplicon size without the requirement for endonuclease digestion and RFLP analysis, thus 
considerably reducing assay time. 
 
Prior to PCR amplification using these loci, we determined both the number of C. parvum 
(Moredun isolate C1/03) oocysts per sample well (range 4 – 23) and the number of DAPI positive 
stained nuclei in each oocyst were enumerated. The majority of oocyst containing either 3 (3 x n) or 
4 (4 x n) nuclei indicating that there should be enough extractable DNA for PCR amplification. 
Surprisingly, only N18SDIAG generated high numbers of positive results (27/30; Table 7), 
although it failed to generate a visible amplicon with three of the 30 samples tested, although they 
contained between 5 and 10 oocysts. A weak intensity amplicon was generated from sample MD33 
containing 9 oocysts (Table 7). Amplicon intensities were strong in >96% of positive samples 
indicating that visual determination of subsequent RFLP patterns would be straightforward. The 
predominantly negative results generated with STNCOWP, even after retesting, together with the 
negative results obtained with 18SXIAO and MAS-PCR were unexpected, as previous experiences 
with STNCOWP and 18SXIAO indicated that the detection limit could be ≥10 intact oocysts. The 
results obtained with MAS-PCR also were disappointing and parallel testing with higher numbers 
of seeded C. parvum oocysts indicated that, even at a level of ∼50 oocysts per sample, MAS-PCR 
had difficulty in generating visible amplicons (Table 8). We excluded MAS-PCR from further 
testing as the threshold of detection of Cryptosporidium DNA on microscope slides was five fold 
less than that of the most sensitive assay (N18SDIAG, Tables 5 and 6) and that nesting the assay 
was unlikely to generate sensitivities similar to the other nested assays under test. 
 
When higher numbers of C. parvum oocysts were seeded onto slides (≤75 Moredun isolate C1/03 
oocysts per sample, Table 8) N18SDIAG, 18SXIAO and STNCOWP generated visible amplicons. 
The inability of either STNCOWP or 18SXIAO PCRs to generate amplicons from the majority of 
seeded samples in Table 7 was reassessed by retesting the same STNCOWP and 18SXIAO primers 
with a smaller series of oocyst titrations (5 – 106 Moredun isolate C2/03 oocysts per sample, Table 
9). Here, both STNCOWP and 18SXIAO produced visible amplicons at all oocyst densities, but not 
with all samples. While these results were in far closer agreement with our preliminary data, the 
issue that neither STNCOWP nor 18SXIAO produced visible amplicons with the majority of 
samples on Table 4, while N18SDIAG did must be borne in mind.  
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In these initial studies on PCR assay sensitivity with C. parvum oocysts, N18SDIAG was more 
sensitive than 18SXIAO which, in turn, was more sensitive than STNCOWP, based on the 
percentage of samples positive and amplicon intensity (Tables 7, 8 and 9). The reason for this 
sensitivity hierarchy is because the N18SDIAG, 18SXIAO loci are on a multicopy (ribosomal 
DNA) gene, while the STNCOWP locus is on a single copy (COWP) gene. Le Blancq et al. (1997) 
determined that 20 copies of the Cryptosporidium ribosomal DNA gene were present per oocyst. 
PCR amplification of multi-copy genes is an useful approach to molecular identification as it 
provides enhanced sensitivity therefore, N18SDIAG, 18SXIAO primers should prove more 
sensitive than STNCOWP primers for amplifying Cryptosporidium DNA from small numbers of 
oocysts and probably should be used as the primary choice before considering STNCOWP for 
amplifying DNA from oocysts on Regulatory and non-Regulatory Cryptosporidium slides.  
 
We used oocysts of human derived C. felis, C. hominis and C. parvum and commercially purchased 
C. muris to determine the sensitivity of N18SDIAG, STNCOWP and 18SXIAO primers to detect 
Cryptosporidium DNA extracted from DWIEQAL Regulatory slides (Table 10). Only N18SDIAG 
and 18SXIAO were tested against the four Cryptosporidium species, since the STNCOWP primers 
are specific for C. hominis and C. parvum DNA only. With the exception of C. muris oocysts, both 
oocyst number and the number of DAPI positive nuclei per oocyst were enumerated for each 
sample in each Cryptosporidium species. C. muris oocysts were in too poor a condition for the 
number of DAPI positive nuclei to be determined. No alternative source of C. muris oocysts was 
available during the duration of the project therefore, DNA was extracted and amplified from these 
oocysts. 
 
Again the N18SDIAG primers generated the most positive results, the 18SXIAO primers performed 
less well and the STNCOWP primers produced fewest amplicons of lowest intensity (Table 10). In 
general, amplicon intensity was good with the N18SDIAG assay, except for C. muris amplicons, 
which were less intense than others, probably because of the poor quality of extractable DNA in 
these samples. Neither the 18SXIAO assay nor the STNCOWP assay generated satisfactory data 
and we would expect that their use with Regulatory or non-Regulatory samples containing such 
small numbers of oocysts to be, at best, compromised. From the data presented, the recommended 
hierarchy for amplifying Cryptosporidium DNA from slides of water concentrates would be 
N18SDIAG, followed by 18SXIAO then STNCOWP to verify the presence of C. parvum / C. 
hominis RFLP patterns. One reason why the 18SXIAO primers were less effective in generating 
visible amplicons than the N18SDIAG primers is that the amplicon generated with 18SXIAO 
(primary product ∼1325 bp, secondary product 826 – 864 depending on Cryptosporidium isolate) is 
larger than that generated with N18SDIAG (primary product 655 - 667 bp). 
 
No Water Company was prepared to send us Regulatory slides containing Cryptosporidium oocysts. 
We received non-Regulatory Cryptosporidium slides from 2 Water Companies and 1 Water Utility 
in sufficient time to generate useful data, although numerous promises of slides never materialised. 
The 10 non-Regulatory Cryptosporidium slides provided by Severn Trent Laboratory, the 8 
Regulatory slides provided by AES Ltd., and the 6 slides provided by Scottish Water were 
subjected to the methods developed in this project and the extracted DNA was amplified with the 
N18SDIAG and 18SXIAO primers which recognise more DNA species signatures than STNCOWP 
primers. For the Severn Trent Laboratory slides, this decision was made empirically because we 
could not speculate which Cryptosporidium species were likely to be present in these samples, as 
microscopy was impossible. Importantly, a finite volume of template (~40µL) and a theoretical 
requirement to repeat test a sample also focussed decisions to progress with this sequence of 
analyses. Should 1 of the 18s rRNA assays fail, sufficient template should be available for 
amplification with STNCOWP which could corroborate the presence of C. hominis / C. parvum 
DNA, the most important pathogenic species for humans, in a particular sample. 
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As for the seeded samples, N18SDIAG proved more sensitive (higher percentage positivity and 
more intense amplicons) than 18SXIAO, generating 9/10 amplicons compared with the 6/10 
generated with 18SXIAO with Severn Trent Laboratory samples (Table 11), 8/8 amplicons 
compared with the 4/8 with AES Ltd. slides (Table 16). In this instance, N18SDIAG was the only 
assay that generated amplicons with the Scottish Water slides with a satisfactory (3+) amplicon 
intensity (Table 20). One of the 6 Scottish Water positive amplicons, amplified with N18SDIAG, 
generated a smaller than expected amplicon (Figure 3, lane 5, Appendix 4), and a C. muris / C. 
andersoni RFLP pattern with AseI / DraI (Figure 4, Appendix 4) which we investigated further. 
RFLP patterns with DdeI produced three bands (∼80, ∼180 and ∼205 bp; Figure 5, Appendix 4) 
which were not consistent with published data. While more similar to C. parvum than to C. muris or 
C. andersoni, band-sizing anomalies remained. Sequencing followed by database searching and 
sequence matching revealed a closest match (95% identity on a fragment length of 312 of 327 bp) 
with Cryptosporidium sp. KLJ-7, a new genotype identified in an isolate from wild geese in 
Canada.   
 
This finding highlights the fact that many Cryptosporidium species / genotypes / subtypes are 
present in the UK aquatic environment and that a sensitive molecular assay is required to determine 
the extent of environmental contamination with accepted and ‘novel’ species / genotypes / subtypes 
of Cryptosporidium. It also re-emphasises a consistent finding in this work that the N18SDIAG 
primers were the most effective in detecting accepted (and novel species, based on sequence 
analysis and matching) of Cryptosporidium.  
 
In general, the results of positive PCR-RFLP patterns obtained with N18SDIAG and 18SXIAO 
assays are comparable (Tables 14 and 19) but the N18SDIAG assay is more sensitive, identifying 
more positives and a greater number of mixtures of species than does the 18SXIAO assay. C. muris 
or C. andersoni, C. parvum or C. hominis and C. meleagridis DNA were common findings in the 
non-Regulatory samples that we analysed (Tables 14, 19 and 20). With the N18SDIAG assay, C. 
muris can be distinguished readily from C. andersoni by further digestion with DdeI, and C. 
parvum from C. hominis by sequencing the amplicon. With the 18SXIAO assay, C. muris can be 
distinguished readily from C. andersoni by further digestion with DdeI, and C. parvum from C. 
hominis by digestion with AseI (VspI). 
 
A proportion (18%) of Cryptosporidium oocyst positive slides tested during this project failed to 
generate a PCR product at any of the genetic loci tested. These PCR-RFLP negatives occurred with 
oocyst-seeded and non-Regulatory sample slides. While the number of oocysts enumerated on these 
slides was low (mean 8.6; range 1 – 20 oocysts), it was also variable, and varying numbers of DAPI 
positive nuclei were noted in these oocysts by epifluorescence microscopy. The limit of sensitivity 
is not based on oocyst number as N18SDIAG was capable of generating amplicons from seeded 
sample slides containing only 2 oocysts. Such variability is of importance when developing 
standardised methods for small numbers of oocysts on non-Regulatory and Regulatory 
Cryptosporidium sample slides. Currently, we are unable to identify specific reasons why this 
inconsistency arose.  
  
The PCR-RFLP approach developed to determine the species / genotype of small numbers of 
Cryptosporidium oocysts on Regulatory and non-Regulatory Cryptosporidium sample slides may 
permit identification on a significant proportion of slides however, a proportion of slides will not be 
amenable to this identification approach. 
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CONCLUSIONS 
1. Softening nail varnish used to seal non-Regulatory slides, with a cotton swab moistened in nail 
varnish remover softens nail varnish and enables the coverslip to be prised and removed from a 
non-Regulatory sample slide without disrupting the sample.  
2. Scraping the sample in lysis buffer with a bacteriological loop will recover the majority of, if not 
all, oocysts present in a sample. Rotating the slide and repeating the scraping process enhances 
recovery. 
3. Maximising DNA extraction from Cryptosporidium oocysts by 15 cycles of freeze-thawing is a 
prerequisite for maximising PCR products and developing sensitive assays. 
4. PCR amplification of multi-copy genes increases assay sensitivity and should be considered as 
the primary choice(s) for amplifying Cryptosporidium DNA from small numbers of oocysts on non-
Regulatory and Regulatory Cryptosporidium slides.  
5. To safeguard quality, there is a requirement to analyse more than one locus for public health 
interpretation of data. 
6. As only a small volume of DNA template is extracted from Regulatory and non-Regulatory 
slides, and a theoretical requirement to repeat test a sample is also possible, nested 18S rRNA 
assays (N18SDIAG and 18SXIAO) should be the assays of choice. Should 1 of the 18S rRNA 
assays fail, sufficient template should be available for amplification with STNCOWP which could 
corroborate the presence of C. hominis / C. parvum DNA, the most important pathogenic species for 
humans, in a particular sample. 
7. In this study, the N18SDIAG assay is more sensitive (higher percentage positivity and more 
intense amplicons) than the 18SXIAO assay. 
8. In non-Regulatory samples tested, C. muris or C. andersoni, C. parvum or C. hominis and C. 
meleagridis DNA were the most common findings. 
9. The PCR-RFLP approach developed to determine the species / genotype of small numbers of 
Cryptosporidium oocysts on Regulatory and non-Regulatory Cryptosporidium sample slides may 
permit identification on a significant proportion of slides however, a proportion of slides will not be 
amenable to this identification approach. 
 

 

RECOMMENDATIONS 
1. An effective protocol for detecting and genotyping Cryptosporidium oocysts present on 
Regulatory and non-Regulatory slides must include the following criteria: (i) efficient DNA 
extraction, (ii) maximised sensitivity and (iii) effective quality control and assurance.  
 
2. Further work on genotyping and subtyping Cryptosporidium oocysts should be undertaken on 
Regulatory Cryptosporidium slides containing other contaminants / interferents from differing water 
types. 
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APPENDIX 1A  
 

SOP TITLE: Enumeration of C. parvum oocysts using an improved Neubauer 
haemocytometer 
 
LOCATION OF SOP:  DWI Cryptosporidium EQA Laboratory 
 
AUTHOR:    Signed:..................................Date:..................................... 
 
APPROVAL:    Signed: ..................................Date: .................................... 
 
SOP NUMBER:   SOPEQA007 
 
ISSUE NUMBER:   First 
 
SOP AMENDMENT DATE: 
 
NOTES: 
 
1) Confidential to the DWI Cryptosporidium EQA Laboratory and the Scottish Parasite Diagnostic 
Laboratory (SPDL). 
 
2) Unauthorised copying prohibited. 
 
3) In the event of problems, a lack of comprehension or unforeseen events occurring, the reader of 
the SOP should consult a member of the DWI Cryptosporidium EQA Laboratory for further 
guidance. 
 
Title:  Enumeration of C. parvum oocysts using an improved Neubauer haemocytometer 
 
Objective:  Enumeration of C. parvum oocysts using an improved Neubauer haemocytometer. 
 
Field of Application:  All areas pertaining to the DWI Cryptosporidium EQA Laboratory. 
 
Responsibility:  All DWI Cryptosporidium EQA Laboratory staff. 
 
Documentation Required:  Distribution logbook 
 
1.  Introduction: 
1.1.  Oocysts of the intestinal protozoan parasite Cryptosporidium parvum are spherical in shape; 
and are between 4-6 µm in size. Enumeration of large numbers of highly purified oocyst 
suspensions is often necessary for a range of parasitological manipulations and can be undertaken 
using a haemocytometer (e.g. improved Neubauer; BS 748) in conjunction with bright-field, phase 
or Nomarski differential interference contrast (DIC) microscopy. Ten replicate enumerations are 
made to determine the number of oocysts present in each suspension. All oocyst suspensions are 
catalogued and stored at ∼106 oocysts ml-1. 
 
2.  Materials. 
2.1.  Water, the oocyst preparation (e.g. Moredun Scientific Ltd) disposable gloves, soft absorbent 
tissue, haemocytometer and coverslip, vortex mixer, pre-calibrated P20 Gilson pipette and 
disposable filter tipped pipette tips, microscope equipped with either bright-field, phase or 
Nomarski DIC optics, ‘fridge.  
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3.  Method.  
3.1.  Preparation of samples for enumeration using an improved Neubauer haemocytometer. 
 
3.2.  Wear disposable gloves when handling oocyst preparations and suspensions. 
 
3.3.  The haemocytometer and coverslip should be washed in water and dried with a soft absorbent 
tissue before using to enumerate the number of oocysts present in a suspension. 
 
3.4. Place the clean haemocytometer on a clean, dry, smooth and horizontal surface. The 
haemocytometer orientation should be such that the area marked with the indentation (a large H), 
and which contains the haemocytometer grids, is uppermost. 
 
3.5. Place a haemocytometer coverslip onto the haemocytometer so that the central grid area is 
covered completely. Ensure that the coverslip is held onto the slide by surface tension. 
 
3.6.  Remove the oocyst suspension to be enumerated from the fridge. Ascertain its lot number and 
expiry date. 
 
3.7.  Vortex the oocyst suspension for approximately 10 - 15 sec. and invert several times to 
suspend the oocysts thoroughly. 
 
3.8. Using a pre-calibrated P20 Gilson pipette and a disposable filter tipped pipette tip insert the 
pipette tip into the oocyst suspension and remove a 10µL aliquot from the centre of the oocyst 
suspension. 
 
3.9. Slowly dispense the 10µL aliquot below the proximal edge of the haemocytometer coverslip 
and between the areas marked ‘H’ on the haemocytometer. 
 
3.10. Gently press the haemocytometer coverslip edges adjacent to the point where the oocyst 
suspension was applied. This will draw the liquid into the haemocytometer grid area and help to 
remove air bubbles.  
 
3.11.  Keeping the haemocytometer horizontal, pick it up and place it on a lowered microscope 
stage. Follow the procedure for performing DIC microscopy, below. 
 
4.  Performing DIC microscopy. 
4.1.  Materials. 
 
4.1.1. Haemocytometer containing an aliquot of C. parvum oocyst suspension. Olympus BH2 
fluorescence microscope equipped with blue, UV & green filter blocks and Nomarski differential 
interference contrast (DIC) optics. 
 
4.2. Switch on the condenser light by turning the switch located on the left hand side of the 
microscope base. 
 
4.3.  If the condenser has been raised for previous DIC microscopy work, lower its position to the 
mid-point. 
 
4.4.  Select the x 40 dry objective lens by twisting the lens turret (revolving nose piece) clockwise 
or anticlockwise. If a compensation adjustment collar is available on the x 40 dry objective lens, set 
it to 0.23 to account for the thickness of the haemocytometer coverslip. 
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4.5.  Push the Nomarski filter slide in until it clicks into position. Select the UV filter block either 
by pulling the filter blocks outwards or by pushing the filter blocks inwards. This is normally the 
middle position on the slider.  
 
4.6.  Look through the binocular eye pieces and adjust their position to suit you, by pushing the eye-
piece holders either inwards or outwards.  
 
4.7.  Look through the eye pieces whilst slowly turning the macro-focus knob clockwise to raise the 
stage. When an image of the haemocytometer begins to appear in the eye pieces, use the stage 
positioning knobs (X and Y axis low drive control knobs; located underneath and at the bottom 
right hand side of the stage) to position the haemocytometer such that the beam of light shines 
through the centre of the lower half of the area marked ‘H’. 
 
4.8.  Turn the fine-focus knob clockwise and raise the stage SLOWLY until the haemocytometer 
grid lines come into focus. When focused correctly, the haemocytometer grid lines appear black. 
Rotate the Nomarski prism clockwise until optimal contrast between the oocysts and background 
has been achieved. 
 
4.9.  Allow the oocysts to settle (2 - 3 min) and then enumerate oocysts following the procedure 
described in the procedure below. 
 
5.  Enumeration of C. parvum oocysts with an improved Neubauer haemocytometer. 
5.1.  Locate the top left hand corner of the central 5 x 5 large grids area (Each large central grid is 
marked by three outer lines and consists of 4 x 4 smaller grids). 
 
5.2.  Enumerate all oocysts in the top left hand large grid. 
 
5.3.  By moving the stage from left to right, count the oocysts in the 5 large grids. 
 
5.4.  Move down to the next row of 5 large grids and then by moving the stage right to left, 
enumerate the oocysts in the 5 large grids. 
 
5.6.  Repeat the procedure in steps 4 - 5 until all oocysts present in the central 5 x 5 large grids have 
been counted. 
 
5.7.  Record the oocyst count as C1. 
 
5.8.  Locate the bottom right hand large central grid (which consists of 4 x 4 smaller grids). 
Diagonally below the bottom right hand corner of this grid is a group consisting of 4 x 4 large grids. 
By moving the stage from left to right, enumerate the oocysts in the four grids. 
 
5.9.  Move down to the next row of 4 large grids and then by moving the stage right to left, 
enumerate the oocysts in the four grids. 
 
5.10.  Repeat the procedure in steps 7 - 8 until all oocysts present in the 4 x 4 large grids have been 
counted. 
 
5.11.  Record the oocyst count as count C2. 
 
5.12.  Locate the bottom left hand large central grid (which consists of 4 x 4 smaller grids). 
Diagonally below the bottom left hand corner of this grid is a group consisting of 4 x 4 large grids. 
By moving the stage from right to left, enumerate the oocysts in the four grids. 
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5.13.  Move down to the next row of 4 large grids and by moving the stage from left to right, 
enumerate the oocysts in the four grids. 
 
5.14.  Repeat the procedure in steps 10-11 until all oocysts present in the 4 x 4 large grids have been 
counted. 
 
5.15.  Record the oocyst count as count C3. 
 
5.16.  Locate the top left hand large central grid (which consists of 4 x 4 smaller grids). 
Diagonally above the top left hand corner of this grid is a group consisting of 4 x 4 large grids. By 
moving the stage from right to left, enumerate the oocysts in the bottom row of four grids. 
 
5.17.  Move up to the next row of four grids and by moving the stage from left to right, enumerate 
the oocysts in the four grids. 
 
5.18.  Repeat the procedure in steps 13 - 14 until all oocysts present in the 4 x 4 large grids have 
been counted. 
 
5.19.  Record the oocyst count as count C4. 
 
5.20.  Locate the top right hand large central grid (which consists of 4 x 4 smaller grids). 
Diagonally above the top right hand corner of this grid is a group consisting of 4 x 4 large grids. By 
moving the stage from left to right, enumerate the oocysts in the bottom row of four grids. 
 
5.21.  Move up to the next row of four grids and then by moving right to left, enumerate the oocysts 
in the four grids. 
 
5.22.  Repeat the procedure in steps 16 - 17 until all oocysts present in the 4 x 4 large grids have 
been counted. 
 
5.23.Record the oocyst count as count C5. 
 
6.  Calculation: 
6.1. Calculate the oocyst concentrations per mL by using the following formula: 
 
 No. of oocysts per mL    =  (C1 + C2 + C3 + C4 + C5) x 104 

       5 
 
 
 
 
 
 
Author:      Approval: 
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APPENDIX 1B 
 
SOP TITLE:  Preparation of DWI Cryptosporidium EQA scheme microscope slides for 
distribution to participating laboratories. 
 
LOCATION OF SOP:  DWI Cryptosporidium EQA Laboratory 
 
AUTHOR:    Signed:...................................Date:..................................... 
 
APPROVAL:    Signed: ..................................Date: .................................... 
 
SOP NUMBER:   SOPEQA019 
 
ISSUE NUMBER:   First 
 
SOP AMENDMENT DATE: 
 
NOTES: 
 
1) Confidential to the DWI Cryptosporidium EQA Laboratory and the Scottish Parasite Diagnostic 
Laboratory (SPDL). 
 
2) Unauthorised copying prohibited. 
 
3) In the event of problems, a lack of comprehension or unforeseen events occurring, the reader of 
the SOP should consult a member of the DWI Cryptosporidium EQA Laboratory for further 
guidance. 
 
Title: Preparation of DWI Cryptosporidium EQA scheme microscope slides for distribution to 
participating laboratories. 
 
Objective:  To prepare the DWI Cryptosporidium EQA scheme microscope slides for distribution 
to participating laboratories. 
 
Field of Application:  All areas pertaining to the DWI Cryptosporidium EQA Laboratory. 
 
Responsibility:  All DWI Cryptosporidium EQA Laboratory staff. 
 
Documentation Required:  Distribution Work Book 
 
1.  Introduction: 
1.1.  Each laboratory analyst will receive one test slide per distribution as per the DWI Standard 
Operating Protocol for the Monitoring of Cryptosporidium oocysts in Treated Water Supplies to 
Satisfy Water Supply (Water Quality) (Amendment) Regulations 1999, SI No. 1524 Part 4 - 
Requirements for the Inter-laboratory Proficiency Schemes June 1999. 
 
1.1.1.  Each laboratory participating in the CRYPTS EGQ Scheme is advised of the date of dispatch 
of test samples over a period of one year by LGC. 
 
1.1.2.  In the event that a participant does not receive dispatched samples and they have informed 
either LGC or the DWI EQA laboratory, the DWI EQA laboratory will replace test samples as soon 
as practicable possible and retain a record in the distribution work book. 
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1.2. The total number of slides required for the distribution is dependent on the number of 
participating laboratory analysts that have requested slides for examination. Requests for slides are 
made through Laboratory of the Government Chemist (LGC), Teddington, Middlesex (contact 
name: Ms. Jo Peet) who informs the DWI EQA laboratory by e-mail. Any changes in monthly 
distributions, supplementary to the e-mailed list are further agreed by e-mail. 
 
1.3. The total number of slides prepared also includes positive and negative control slides as well as 
trip controls. Trip controls consist of test materials, packaged according to IATA regulations, which 
are used to assess any changes / deterioration attributable to the act of dispatching test materials to 
participating laboratories. Trip controls are dispatched to LGC using the standard dispatching 
system, where they are stored for 1 – 3 days at 2 – 8 ºC, and then sent back to the DWI EQA 
laboratory for analysis.  
 
2.  Materials. 
2.1. Cryptosporidium parvum oocysts supplied by Moredun Animal Health. Methanol, TCS Cellabs 
Crypto-cel (FITC-CmAb), phosphate buffered saline (PBS, 150 mM, pH 7.2), DAPI solution 
(DAPI [C16H15N5.2HCl, FW 350.2] (make up a working solution of DAPI by diluting the 2 mg/ml 
DAPI solution 1:5000 in PBS (prepare the DAPI working solution each day required), deionised 
water, mounting fluid e.g. Cellabs mounting fluid. Disposable gloves, calibrated Gilson P20 and 
P200 adjustable automatic pipettes, disposable P20 and P200 filter tipped and standard pipette tips, 
microscope slides (Dynal format – Cat. no. PH-253; Genera format – Cat. no. PH-254; C. A. 
Hendley, Essex), coverslips (32 x 22 mm, 22 x 22, or as appropriate), humidity chamber, 370C 
incubator, negative pressure aspirator (e.g. Büchner type pump, this will attain 20 mbar with a water 
pressure of 1 bar). 
 
3.  Microscopy. 
3.1.  An Olympus BH-2 epifluorescence microscope equipped with Nomarski DIC optics is used 
for the analysis of prepared slides. Epifluorescence microscopy using ultra-violet (UV) excitation 
(excitation 355nm, emission 450 nm) is used to determine the presence of the DAPI stained 
sporozoite nuclei. A blue fitter block (excitation 490 nm; emission 510 nm) is used to visualise 
FITC-CmAb emissions. Nomarski DIC optics are used to determine internal morphology. All 
evaluations for the presence of fluorescent nuclei and internal morphology are undertaken using 
both x 40 and x 100 objectives. 
 
4.  Method. 
4.1. Number of slides required for the distribution 
4.1.1. Determine the total number of slides required for the distribution by totalling the number of 
slides requested by participating analysts as identified in the e-mail sent by LCG. 
 
4.2.  Preparation of an oocyst suspension with a calculated number of oocysts per aliquot. 
4.2.1. The number of aliquots required containing the desired range of oocysts is dictated by the 
number of slides required for the distribution, i.e. if a hundred slides are required for the distribution 
then one hundred aliquots are required. 
 
4.2.2.  Prepare a dilution of the stock Moredun Animal Health (MAH) Cryptosporidium oocysts by 
taking an aliquot and suspending it in a known volume of reverse osmosis water, i.e 10 µl of MAH 
stock in 990 µl of reverse osmosis water to give a final volume of 1000µl. 
 
4.2.2.1.  Each stock batch of Cryptosporidium oocysts supplied by Moredun Animal Health (MAH) 
has a Certificate of Analysis which stipulates the approximate number of oocysts present in the 



 40

stock oocyst suspension. This value can be used to calculate the approximate number of oocysts 
present in the aliquot removed in 4.2.2 above. 
 
4.2.2.2. An oocyst density of 1 x 106 oocysts is an appropriate starting density from which further 
dilutions can be prepared. For example, if the MAH Certificate of Analysis stipulates that the 
number of oocysts present in the stock suspension is 1 x 108 in 1ml, 1 µl will contain 1 x 105 
oocysts. By removing 10 µl from the MAH oocyst stock suspension and dispensing it into 990 µl of 
oocyst free reverse osmosis water, a density of approximately 1 x 106 oocysts per ml will be 
achieved. 
 
4.2.3.  Enumeration and determination of the concentration of oocysts present in this dilution is 
made using an improved Neubauer haemocytometer. 
 
4.2.4. Prepare the oocyst suspension with an approximate, known, number of oocysts from the 
enumerated oocyst suspension. 
4.2.4.1. Determine the total number of slides you require for the distribution. 
 
4.2.4.2. The total number of slides required will dictate the number of aliquots required. One aliquot 
is required for each slide. 
 
4.2.4.3.  Specify the approximate number of oocysts required per aliquot and the volume of the 
aliquot to be dispensed onto each slide (e.g. ~100 oocysts per 50 µl). 
4.2.4.4.  By knowing the number of aliquots required, the aliquot volume and the number of oocysts 
per aliquot, the oocyst suspension can be prepared. 
 
4.2.5.  Transfer the required number of oocysts into the required volume of reverse osmosis water. 
For example, if you require 100 aliquots, with each aliquot consisting of a 50 µl volume and 
containing approximately 100 oocysts per aliquot, then dispense 10,000 oocysts into a total volume 
of 5,000 µl. 
 
5.  Positive and negative control slides. 
5.1.  A positive and negative control slide is prepared prior to staining the distribution slide(s) with 
FITC-CmAb and DAPI to assess the FITC-CmAb and DAPI staining. 
 
5.2.  The positive control(s) consists of an aliquot of the prepared oocyst suspension air dried on to 
the well of the slide(s) and fixed with methanol before staining as described. 
 
5.3.  The negative control(s) slide(s) consists of an aliquot of oocysts free reverse osmosis water, as 
used to suspend the oocysts, dried on to the well of a slide and methanol fixed before staining as 
described. 
 
5.4. A record of examination of the positive and negative control slides is kept in the distribution 
work book. 
 
5.4.1. Staining of the distribution slides should only commence if the positive and negative control 
slides are passed. 
 
5.4.2. Refer to the ‘Preparation and examination of positive and negative control slides’ SOP in 
order to determine the validity of the positive and negative control slides.  
 
6.  Preparation and staining of distribution slides. 
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6.1  Transfer 1000 µl aliquots of the prepared oocyst suspension into 1.5 ml labelled Eppendorf 
tubes. 
 
6.1.1.  The number of 1000 µl aliquots prepared and transferred into 1.5 ml labelled screw topped 
Eppendorf type (Eppendorf) tubes is dependent on the number of slides required i.e. If a 100 slides 
are required and each oocyst aliquot consists of 50 µl, the stipulated number of oocysts must be in 
5000 µl of oocyst free reverse osmosis water. Therefore 5 x 1000 µl oocyst suspension in five 
labelled 1.5 ml Eppendorf tubes can be prepared. 
 
6.1.2.  Pulsify each of the prepared Eppendorf tubes for approximately 30 seconds. The Pulsifier™ 
(Kalyx Biosciences Inc. ON, Canada) has a single speed setting and generates a near uniform 
oocyst suspension following horizontal agitation. 
 
6.1.3.  Remove the Eppendorf tube from the Pulsifier™ and repeatedly invert the Eppendorf tube 
(10 – 20 times) before dispensing 50 µl aliquots of the pulsified oocyst suspension onto single well 
microscope slides using a calibrated P200 pipette fitted with a filter tipped disposable P200 pipette 
tip. 
 
6.1.4.  Allow the slide(s) to air dry at room temperature (RT). 
 
6.1.5.  Using an eyedropper, or alternatively a P200 Gilson pipette fitted with a P200 disposable 
pipette tip, dispense one drop (approx. 50 µL) of methanol onto the well of each microscope slide. 
Allow the methanol to evaporate to dryness at RT. 
6.1.6.  Allow the slide(s) to air dry at RT. 
 
6.1.7  Using a Gilson P200 pipette and tip apply 50 µL of anti-Cryptosporidium mAb at its working 
dilution onto the well of each slide. Ensure complete coverage of the well.  
 
6.1.8. Place the prepared slide(s) in a humidity chamber with the slide(s) elevated above the 
absorbent material. Ensure that the absorbent material is moist.  
 
6.1.9.  Place the humidity chamber in the incubator at approximately 37°C for a minimum of 60 
minutes. 
 
6.1.10.  Using a Büchner type aspirator gently aspirate excess mAb from each well by placing the 
aspirator tip close to, but not touching, the fluid on a well. The suction at the aspirator tip will draw 
the fluid to waste. Repeat this procedure for each slide well containing a sample. 
 
6.1.11. Apply 50 µL of PBS to each well and allow to stand for 2 min at RT. 
 
6.1.12. Gently aspirate the PBS from each well as in step 4.3.10. Apply a further 50 µL of PBS to 
each well and allow to stand for a further 2 min, before gently aspirating the PBS as described.  
 
6.1.13.  Apply 50 µL of the 1:5000 DAPI in PBS solution to each well and allow to stand for 2 min 
at RT. 
 
6.1.14.  Gently aspirate off the 1:5000 DAPI in PBS solution from each well as described above. 
 
6.1.15.  Apply 50 µL of deionised water to each well and leave to stand for 1 - 3 sec at RT. Gently 
aspirate the deionised water from each well as described above. 
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6.1.16.  Apply ∼ 30µL of mounting medium using a Gilson P200 pipette and pipette tip to the centre 
of each well of each slide and gently apply a coverslip onto the microscope slide. 
 
6.1.17.  Allow the coverslip to settle into place before sealing the cover slip into place using an 
appropriate sealant such as clear nail varnish. Allow the coverslip to settle into place for 
approximately 30 min to 1 hour before sealing with nail varnish. 
 
6.1.18. Using the brush supplied with the nail varnish, carefully apply the nail varnish around the 
perimeter of the settled coverslip, using the width of the brush as the guide to the width of nail 
varnish applied. Ensure even coverage around the coverslip perimeter. Do not leave any gaps. 
Allow the nail varnish to dry at RT before labelling the slide(s) appropriately with the distribution 
number and the individual slide number. Using a scalpel, carefully shave / scrape any excess dried 
and hardened varnish.  
 
6.1.19  Store test slides at RT in the dark until required for enumeration.   
 
7.  Microscopic Examination 
7.1.  Positive and negative controls 
 
7.2.  Commence in the upper left-hand corner of the sample / well working across the slide from left 
to right, one field width at a time, until the upper right-hand edge of the sample /well is reached. 
Move down one field height and continue working across the slide from right to left, field by field, 
until the right-hand edge of the sample / well is reached. Continue in this manner until the end of 
the sample / well (lower right-hand corner) is reached. Care must be taken when moving down one 
field height to ensure that oocysts on the edge of a field are not counted twice. During this period of 
observation, the fine focus should be adjusted continuously so that the depth of the sample / well is 
also scanned.  
 
7.3. Cryptosporidium sp. oocysts appear as apple green circular discs 4 - 6 µm in diameter with 
FITC-CmAb and are refractile when examined using Nomarski DIC optics. An object, located 
under the x20 objective, which fits the initial criteria of a Cryptosporidium oocyst, must be 
examined further using the x40 and then the x100 oil immersion objectives. Relate the fluorescent 
image to the brightfield image and measure its size with the eye-piece graticule. DAPI intercalates 
with the nuclei of the sporozoites within viable or non-viable oocysts. In the event of an oocyst 
being distorted, the demonstration of up to four fluorescent nuclei in an object of a comparable size 
to an oocyst will assist in its identification. Assess the size, shape and the presence of internal 
organelles by DIC with the x 40 and x 100 (oil) objective lenses. A note of the background 
fluorescence, if any, and autofluorescence (yellow green) must also be made. 
 
Characteristic features of C.  parvum oocysts by FITC epifluorescence microscopy and  
Nomarski differential interference contrast (DIC) microscopy. 
 
Appearance under the FITC filters of an epifluorescence microscope:  
The putative organism must conform to the following fluorescent criteria:   

Bright apple green fluorescing, round or slightly ovoid objects which measure between 4 and 6µm 
(measured length x breadth).  Often the fluorescence has an increased intensity around the entire 
circumference of the oocyst, with no visible breaks in oocyst wall staining. The object must be of 
the appropriate size and shape (see below). 
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Table:  Appearance under Nomarski differential interference contrast (DIC) microscopy:  
 
 Cryptosporidium parvum oocysts 
• spherical or slightly ovoid, smooth, thick walled, colourless and refractile 
• 4.5 - 5.5 µm  
• sporulated oocysts contain four nuclei. 
• four elongated, naked (i.e. not within a sporocyst(s)) sporozoites and a cytoplasmic residual 

body within the oocyst. 
 
8.  Enumeration of oocyst numbers on test slides. 
8.1  Once prepared, test slides are stored at RT in the dark (Step 6.1.19). Work with small batches 
of test slides (max. 20) for the oocyst enumeration procedure.  
 
8.2  The oocyst count for an individual slide must be completed and the result entered into the 
distribution work book before an oocyst count for a subsequent slide commences. Place a test slide 
on the microscope stage and note its unique identification number in the distribution work book. 
Repeat step 7.2, noting the points identified in step 7.3.  
 
8.3  Counts are recorded on a tally counter, kept adjacent to the microscope. Always ensure that the 
count displayed in the tally counter window has been reset to zero (display = 0000) before 
commencing an enumeration. Record every oocyst identified by depressing the counting lever 
ONCE. A positive oocyst identification is recorded by the tally counter every time the lever is 
depressed (heard as a click). The tally counter automatically adds the number of clicks (positive 
identifications) registered. When the scanning procedure identified in step 7.2 is complete, 
transpose the figure displayed in the Tally counter window and record it in the distribution work 
book next to the test slide unique identifying number.  
 
8.4  When all of the batch of test slides has been enumerated, ensure that enumeration records have 
been completed in the distribution work book for each test slide in the batch. Replace the batch in 
the DWI EQA laboratory at RT in the dark.  
 
8.5  Continue to enumerate the next batch of test slides by following steps 8.2 to 8.4 inclusive.  

 
8.6  Proceed with this system of work until all test slides have been enumerated.  
 
9. Criteria for acceptance of test slides for distribution to participants. 
9.1  Generally, 30 to 50% more slides than required for each distribution are prepared in order to 
guarantee quality of the test slides distributed. The excess also serve as reserve, if extra test slides 
are required by participants, should they be lost or broken during despatch.  
 
9.2  Test slides which possess the following criteria are excluded from distribution:-  

i) Incorrectly or illegibly labelled slides 
ii) Incompletely sealed slides 
iii) Atypical FITC and DAPI fluorescence  
iv) Slides containing excessive air bubbles which preclude the viewing of oocysts 

 
 
 
Author:      Approval: 
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APPENDIX 1C 
 
SOP TITLE: Preparation of C. parvum oocyst suspensions.  
 
LOCATION OF SOP:  DWI Cryptosporidium EQA Laboratory 
 
AUTHOR:    Signed:...............................   Date:..................................... 
 
APPROVAL:    Signed: ..............................   Date: .................................... 
 
SOP NUMBER:   SOPEQA026 
 
ISSUE NUMBER:   First 
 
SOP AMENDMENT DATE: 
 
NOTES: 
1)  Confidential to the DWI Cryptosporidium EQA Laboratory and the Scottish Parasite Diagnostic 
Laboratory (SPDL). 
 
2)  Unauthorised copying prohibited. 
 
3)  In the event of problems, a lack of comprehension or unforeseen events occurring, the reader of 
the SOP should consult a member of the DWI Cryptosporidium EQA Laboratory for further 
guidance. 
 
Title:  Preparation of C. parvum oocyst suspensions. 
 
Objective:  To prepare sufficient oocysts suspensions, of known density and volume, monthly, to 
support the DWI EQA scheme.  
 
Field of Application:  All areas pertaining to the DWI Cryptosporidium EQA Laboratory. 
 
Responsibility:  All DWI Cryptosporidium EQA Laboratory staff. 
 
Documentation Required: Sort Record Document. 
 
1.  Introduction: 
1.1  C. parvum oocyst suspensions used in the DWI EQA scheme must be prepared by flow 
cytometry and supplied to the DWI Cryptosporidium EQA Laboratory as a certificated, purified 
suspension, of a known age (approximately 1 month following excretion), typically with a viability 
>90%, by Moredun Animal Health, Edinburgh. 
 
1.2  C. parvum oocyst suspensions are used for preparing (a) test, homogeneity and Trip 
suspensions, (b) seeds for test, homogeneity and Trip Genera filters and (c) stability tests.  
 
1.3  The total number of test suspensions and test filters required for the each monthly distribution 
is between 20 and 25 for each matrix although numbers can vary from month to month. Requests 
for test suspensions and test filters are made through Laboratory of the Government Chemist 
(LGC), Teddington, Middlesex (contact name: Ms. Jo Peet) who informs the DWI EQA laboratory 
by e-mail. Any changes in monthly distributions, supplementary to the e-mailed list are further 
agreed by e-mail. 
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1.4  A total of no less than 140 oocyst suspensions is required every month. The breakdown of this 
total is as follows.  
 
1.5.  Formula for calculating the number of oocyst suspensions required each month for the DWI 
EQA scheme. 
 

Process Number of suspensions required 
Test suspensions for distribution 25 
Homogeneity testing of oocyst suspensions 10 
Oocyst suspensions for Trip control 10 
Oocyst suspensions for repeat requests 10 
Oocyst suspensions for stability testing 10 
Oocyst suspensions for seeding test Genera filters 25 
Homogeneity testing of seeded Genera filters 10 
Genera filters for Trip control 1 
Genera filters for repeat requests 10 
Stability tests, where required 10 
Surplus 19 
Total number of suspensions required per month 140 
 
1.6  All oocyst suspensions are prepared using a Becton Dickinson FACSCalibur flow cytometer by 
trained personnel at the West of Scotland Water Authority (WoSWA), Balmore Road, Glasgow. 
The contact name at WoSWA is Mr. K. Punter (Tel. 0141 355 5542).  
 
1.7  An agreement exists between the DWI EQA Laboratory and WoSWA to provide the DWI 
EQA Laboratory with oocyst suspensions of known density in a defined volume on a monthly basis 
together with the necessary documentation verifying oocyst density. 
 

1.8  WoSWA provides the number of suspensions requested according to the formula outlined 
above. Prior to dispatching suspensions, WoSWA determines the number of oocysts present in 5 – 
10% of suspensions supplied and only supplies the suspensions if the mean of the suspensions 
tested falls into the range requested by the DWI EQA Laboratory.    
 
1.9  Target oocyst densities are set in the DWI Standard Operating Protocol for the Monitoring of 
Cryptosporidium oocysts in Treated Water Supplies to Satisfy Water Supply (Water Quality) 
(Amendment) Regulations 1999, SI No. 1524 and can be modified by the Steering Board. These fall 
between 80 and 120 oocysts per test suspension and test filter.  
 
1.10.  Each laboratory participating in the CRYPTS EGQ Scheme is advised of the date of dispatch 
of test samples over a period of one year by LGC. 
 
1.11.  In the event that a participant does not receive dispatched samples and they have informed 
either LGC or the DWI EQA laboratory, the DWI EQA laboratory will replace test samples as soon 
as practicable possible and retain a record in the distribution work book 
 
2.  The protocol used by WoSWA for the preparation and enumeration of oocyst suspensions is 
outlined below. 
2.1.  Procedure for sorting unstained C. parvum oocysts by flow cytometry. 
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2.1.1. Predefined numbers of unstained intact oocysts can be sorted using a Becton Dickinson 
FACSCalibur flow cytometer. Some modifications to the instrument are required in order to 
improve the recovery efficiency of the sorting process. 
 
2.1.2. A good working knowledge of normal operating procedures for the FACSCalibur is essential 
prior to carrying out this work. 
 
2.2.  Choice of conditions: 
 
2.2.1. The sort line requires to be as short as possible to minimise the final volume of sorted oocysts 
in sheath fluid and to improve recovery of the sorted oocysts. 
 
2.2.2. Reverse osmosis water is used as sheath fluid. 
 
2.2.3. The stock suspension of oocysts must be as pure as possible, free from similarly sized 
contaminants, such as yeasts, which may interfere with the sort count. 
 
2.3.Procedure: 

2.3.1. A dot plot is created using the parameters forward scatter (FSC-H) as X axis and side scatter 
(SSC-H) as the Y axis. 
 
2.3.2. The Detectors and Amps settings are adjusted as follows: 
  Voltage  Mode 
 FSC E00   Linear 
 SSC 400   Log 
 
2.3.3.  FSC Threshold can be adjusted to eliminate low level signals up to the Sort Gate. 
 
2.3.4. The oocyst suspension is run on ‘Lo’ flow rate. The population of oocysts should be visible 
as a well defined region within the confines of the plot. A small sort region is drawn within the 
centre of the population of oocysts (R1).  
 
2.3.5.  Where a final sort volume of less than 2 ml is required per 100 oocysts, adjust the 
concentration of the suspension to give a sort time of 3-5 seconds on ‘Lo’ flow rate. Any dilutions 
of oocysts should be made with RO water. 
 
2.3.6.  Where oocysts are being sorted to a membrane or where the final volume is not critical, a 
longer sort time is acceptable. 
 
2.3.7.  The dot plot and instrument settings can be saved to a named file for future sorts.  
 
2.3.8. Adjustments to settings or sort region can still be made if necessary, for example if there is a 
shift in the positioning of the oocyst population in relation to the sort gate. 
 
2.4.  Setting up: 
 
2.4.1. Install the appropriate files: 
 
2.4.1.1.  Dot Plot; “UNSTAINED SORTING PLOT”, Instrument Settings; “UNSTAINED INSTR. 
SETTINGS” 
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2.4.2. From the Sort Setup window: select R1=G1 from the Sort Gate box, choose the required 
number of oocysts from the Sort Count box and Single Cell from Sort Mode box. 
 
2.4.3. In the Sort Counters window choose Threshold Total, Sort Total and Abort Total as the three 
options. 
 
2.4.4. Run the oocyst suspension on ‘Lo’ flow rate by clicking on Acquire in the Acquisition 
Control Box, allowing the selected number of oocysts to be sorted. 
 
2.4.5. If necessary position the sort gate central to the oocyst population. 
 
2.4.6. Adjust the concentration of oocysts in order to achieve an appropriate sort time. 
 
2.5.  Sorting: 
 
2.5.1. The Cell Concentrator Module can be disconnected 3-4 inches from the flow cell by pulling 
the sort line from the inserted joint. The reduction in sort line improves sort efficiency and 
minimises the final sort volume. 
 
2.5.1.1.  Note: with this modification, the Cell Concentrator Module control panel is inactive in the 
control of fluid from the flow-cell. Consequently, when pressurised, the sheath fluid will flow 
continuously from the shortened sort line. To avoid spillage allow the sheath fluid to flow into a 
small beaker or use a clamp to close off the end of the tubing before and after the sorting/flushing of 
oocysts. 
 
2.5.2. With the oocyst suspension adjusted to give the required sort time, select Acquire from the 
Acquisition Control window. Allow the sheath fluid carrying the oocysts to drop into a suitably 
sized collection tube or ampoule. (For sort volumes of greater than 2 ml, use 50 ml centrifuge tubes 
for collection of sorted oocysts and allow a final sort volume of 3 - 7.5 ml).  
 
2.5.3. Sorting will stop when the selected number of events has been counted. After 100 events have 
been sorted, allow at least another 1 ml of sheath fluid to flow into the collection vessel in order to 
flush any remaining sorted oocysts from the system. The oocyst suspension can remain in place 
during this flush, provided that Acquire is not selected. 
 
2.5.4. The sort line should be flowing freely immediately before Acquire is selected and the sheath 
fluid should be run to waste (or the sort line clamped), after sufficient flushing of the sorted oocysts 
from the sort line into the collection tube/ampoule has taken place. 
 
2.6.  Measuring sort recovery by membrane capture: 
 
2.6.1.  Oocyst counts should be performed on a proportion of sorted aliquots from each batch to 
establish an expected mean recovery. Between 5 - 10% of each batch should be tested. 
 
2.6.2.  Procedure: 

2.6.2.1.  Place a 5µm support membrane over the bottom of the filter holder.  
 
2.6.2.2.  Lay a 1.2µm membrane filter on top of the support membrane and thread the holder into 
the top piece of the assembly, being careful not to twist the membranes as you tighten.  
 
2.6.2.3.  Place the assembled holder onto the base of the concentrator module ensuring there is a 
rubber O-ring in place on the top and bottom of the membrane holder. 
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2.6.2.4.  Vortex a chosen aliquot from the sorted batch and pipette the contents on top of the filter 
membrane without overfilling the assembly. Secure the top of the concentrator vessel by turning 
clockwise to form a seal.  
 
2.6.2.5.  Using the control panel of the cell concentrator module, gently increase the air pressure 
until fluid is seen flowing through the membrane and out through the aperture on the bottom of the 
filter holder. When filtration is complete, remove the top from the concentrator vessel, rinse the 
oocyst collection tube with at least 1ml RO water, vortex and filter as before. 
 
2.6.2.6.  Remove the filter holder from the base of the module and seal the aperture at the bottom to 
prevent leakage of stain during incubation.  
 
2.6.2.7.  Add 100µl of Anti-Cryptosporidium FITC stain on to the membrane, place a 50 mm Petri-
dish lid on top of the filter holder and incubate at 37°C for 1 hour.  
 
2.6.2.8.  Remove from incubator and place the assembly into the concentrator vessel as before and 
apply pressure until the stain is drained through the membrane.  
 
2.6.2.9.  Remove from the concentrator module and unscrew the bottom piece of the membrane 
holder.   
 
2.6.2.10.  Using forceps separate the top filter membrane from the support filter and place upright 
on a microscope slide. Add a drop of mounting medium and a 15 mm round coverslip to the 
membrane. 
 
2.6.2.11.  Count and record the number of stained oocysts present using a fluorescence microscope. 
 
2.7.  Recording of data: 
 
2.7.1. Record the details of sorted batches of oocysts using a Sort Record Document, including 
oocyst counts from tested aliquots. The mean count of all aliquots tested should be expressed in 
order to give an expected target value for each sorted batch. 
 
2.8.  Actions: 
 
2.8.1. Oocyst counts of 80-120 oocysts should be achieved with each tested aliquot.  
 
2.8.2. If two or more aliquots from a given batch have counts which are outwith the target range, the 
batch should be discarded. 
 
 
 
 
 
 
 
Author:      Approval: 



 49

APPENDIX 2 
 

Reagents required for determining species of Cryptosporidium oocyst DNA by N18SDIAG, 
18SXIAO, STNCOWP and MAS-PCR assays. 
 

Abbreviated 
name of assay 

N18SDIAG CPB-DIAGR/F STNCOWP MAS-PCR 18SXIAO(1) 18SXIAO(2) 

PCR 1 
Nichols et al. 

(2003) 
18S rRNA 

PCR 2 
Johnson et al. 

(1995) 
18S rRNA 

Homan et al. 
(1999) 
COWP 

Giles et al. 
(2002) 
DHFR 

PCR 1 
Xiao et al. 

(1999, 
2001b) 

18S rRNA 

PCR 2 
Xiao et al. 

(1999, 
2001b) 

18S rRNA 

 
 
 

Reagents 

 
Reaction volume is either 50µl or 100µl – Volume of reagents per tube (µl) 

 
10 x PCR 
Buffer IV 
(Abgene) 

 
5 

 
10 

 
5 

 
5 

 
5 

 
10 

DNTP’s  
(200nM) 1/50 

 
5 

 
10 

 
5 

 
5 

 
5 

 
10 

10x BSA 
(4mg/ml) 

5 10 5 5 5 10 

Tween 20 
(20%) 

5 10 5 5 5 10 

Mg Cl2 
(25mM) 

5 14 4 5 12 12 

DNAse free 
water 

20.5 39.5 14.7 14.5 13.5 43.5 

Primers 1  
(R1 – 10µM) 

-- 2.5 
(Oocry 1 - 

10µM) 

2 
(CINF - 
10µM) 

1 
(R1 - 10µM) 

-- 

 1  
(R1 - 10µM) 

-- 2.5 
(Oocry 2 - 

10µM) 

1 
(CINR - 
10µM) 

1 
(F1 - 10µM) 

-- 

 -- 2  
(CPDIAGR - 

10µM) 

0.4 
(Oocry 3 - 

2µM) 

1 
(1R - 10µM) 

-- 1 
(R2 - 10µM) 

 -- 2 
(CPDIAGR - 

10µM) 

0.4 
(Oocry 4 - 

2µM) 

1 
(2R - 10µM) 

-- 1 
(F2 - 10µM) 

Taq 
polymerase 
(Abgene) 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

Dispense into 
tube 

48 98 45 45 48 98 

Mineral oil  
(if required) 

 
40 

 
40 

 
40 

 
40 

 
40 

 
40 

DNA lysate  
(max. vol.) 

 
2 

 
2 

 
5 

 
5 

 
2 

 
2 
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APPENDIX 3 
 
Table 1. Structural analysis of the 18S rRNA gene defined by CPB-DIAG primers after 
simultaneous digestion with the restriction enzymes AseI (VspI) and DraI. 
 
Cryptosporidium species 
(Size of amplicon in bp) 

Number of VspI sites  
(AT↓↓TAAT) 

Number of DraI 
sites (TTT↓↓AAA) 

Fragment length  
in bp 

C. parvum genotype 1 (438) 2 None 222; 112; 104 
C. parvum genotype 2 (435) 2 None 219; 112; 104 
C. muris (431 or 432) 1 None 319; 112 
C. felis (455) 2 1 189; 112; 104; 50 
C. baileyi (428) 2 1 128; 112; 104; 84 
C. meleagridis (434) 3 None 171; 112; 104; 47 

 
 
Table 2. Structural analysis of the 18S rRNA gene defined by N18SXIAO primers after 
simultaneous digestion with the restriction enzymes AseI (VspI) and SspI. 
 

Species Source Amplicon (bp) SspI Digestion VspI Digestion 

C. hominis Human 837 111, 254, 449 70, 104, 561 
C. parvum (II) Bovine 834 11, 12, 108, 254, 449 102, 104, 628 
C. felis Human 864 390, 426 102, 104,182, 476 
C. meleagridis Human 833 108, 254, 449 104, 182, 476 
C. baileyi Chicken 826 254, 572 104, 620 
C. muris Gerbil 833 385, 448 731, 102 

 
 
Table 3. Structural analysis of the STNCOWP gene defined by STNCOWP primers after 
digestion with the restriction enzyme TaqI. 
 

Species Source Amplicon in bp Fragment length 
in bp 

C. parvum genotype 1 Human 640 170, 470 
C. parvum genotype 2 Human / Bovine 640 266, 374 

 
 
 
Table 4. Structural analysis of the dhfr gene using the MAS-PCR primers. 
 

Species Source Fragment length 
in bp 

C. parvum genotype 1 Human 357 
C. parvum genotype 2 Human / Bovine 575, 190 
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APPENDIX 4 
 
Figure 1. Gel electrophoresis showing PCR products generated during amplification of DNA 
from AES and Severn Trent slides with the XiaoN18S assay after digestion with restriction 
enzyme AseI. 
 

M   1   2   3   4   5   6   7   8   9  10  11  12 M

600 bp

100 bp
 

 
Key. M = 100 bp DNA ladder; lanes 1 to 4 = amplicons from AES slides A3, A4, A7 and A8, 
respectively; lanes 5 to 11 = amplicon from Severn Trent slides ST2, ST4, ST5, ST6, ST8 and 
ST10, respectively; lane 11 = C. parvum positive control; lane 12 = C. hominis positive control. 
 
 
Figure 2. Gel electrophoresis showing PCR products generated during amplification of DNA 
from AES and Severn Trent slides with the XiaoN18S assay after digestion with restriction 
enzyme SspI. 

M  1   2 3  4   5   6   7   8   9 10 11 12 13  M

600 
bp

100 
bp

600 
bp

 
Key. M = 100 bp DNA ladder; lanes 1 to 4 = amplicons from AES slides 3A, 4A, A7 and A8, 
respectively; lanes 5 to 11 = amplicon from Severn Trent slides ST2, ST4, ST5, ST6, ST8 and 
ST10, respectively; lane 11 = empty lane; lane 12 = C. parvum positive control; lane 13 = C. 
hominis positive control. 
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Figure 3. Gel electrophoresis showing undigested PCR products generated during amplification of 
DNA from slides SW1 to SW6 with the N18SDIAG assay. 
 
 

M    1    2    3   4    5    6   7    M

600 bp

100 bp
 

 
 
Key. M = 100 bp DNA ladder; lanes 1 to 6 = amplicons from slides SW1 to SW6, respectively; lane 
7 = C. parvum (Iowa isolate) DNA positive control 
 
 
 
 
 
Figure 4. Gel electrophoresis showing PCR products generated during amplification of DNA 
from slides SW1 to SW6 with the N18SDIAG assay after simultaneous digestion with 
restriction enzymes AseI and DraI. 
 

M    1    2   3    4  5    6   7 8   9   10  11

600 bp

100 bp
 

 
Key. M = 100 bp DNA ladder; lanes 1 to 6 = amplicons from slides SW1 to SW6, respectively; 
lanes 7 to 8 = negative controls; lanes 10 and 11 = C. parvum (Iowa isolate) DNA positive controls 
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Figure 5. Gel electrophoresis showing PCR products generated during amplification of DNA 
from Scottish Water slide SW5 with the N18SDIAG assay after digestion with restriction 
enzyme DdeI. 
 

M       1   2    3   4

600 bp

100 bp

 
 
Key. M = 100 bp DNA ladder; lane 1 = amplicons from slide SW5; lane 2  = C. andersoni positive 
control; lane 3 = C. muris positive control; lane 4 = C. parvum positive control 
 
 
 
 
 
 
 
 
 
 




