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OBJECTIVES 

 
This project developed a method for identification of Cryptosporidium species and 

genotypes present on U.S. Environmental Protection Agency (EPA) Method 1622/23/23.1 and 
United Kingdom Drinking Water Inspectorate (DWI) water regulatory slides. The objectives of 
the current project were to provide technology transfer to partner laboratories through a hands-on 
training workshop, and to evaluate method performance through international multi-laboratory 
trials. 

 
BACKGROUND 

 
Cryptosporidiosis, caused by the protozoan parasite Cryptosporidium, is a significant 

diarrheal illness in both healthy and immunocompromised humans. This parasite was virtually 
unknown to the water industry until 1993, when it caused the largest waterborne disease outbreak 
in U.S. history in Milwaukee, Wisconsin (Mac Kenzie et al. 1994). In response, Cryptosporidium 
rapidly became a focus of water industry research and regulations. Despite continued advances in 
water treatment technologies and an increased understanding of Cryptosporidium, waterborne 
outbreaks of cryptosporidiosis continue to occur worldwide, including in the United States. 

The genus Cryptosporidium has at least 20 different recognized species and approximately 
50 genotypes based on oocyst morphology (size and shape), infection site (i.e. intestines or 
stomach), preferential host, and genetic/genome analysis (Feng et al. 2009). Research studies and 
regulatory monitoring programs have determined that Cryptosporidium oocysts are found in most 
surface waters and may also be found in finished drinking water. Oocysts found in water may 
originate from a variety of sources, including human sewage and wastewater treatment plant 
effluent, livestock, and wild animals. 

Research using polymerase chain reaction (PCR) techniques has greatly enhanced our 
knowledge of the species and genotypes of Cryptosporidium oocysts found in water. These studies 
have shown that oocysts of wildlife- and livestock-associated Cryptosporidium species and 
genotypes are frequently found in surface water. Subsequently, important issues have been raised 
with regard to Cryptosporidium risk assessment and the development of watershed management 
strategies. Of major concern for Cryptosporidium risk assessment is the fact that only two species, 
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C. hominis and C. parvum, are responsible for the vast majority of human infections, with the 
remaining few percent of cases caused by C. meleagridis and C. cuniculus. Other animal-
associated Cryptosporidium may pose little or no human health risk. From a watershed 
management perspective, different strategies are needed to control human, wildlife, and livestock 
sources of oocysts. 

Methods 1622/23/23.1 and DWI regulatory methods for the detection of Cryptosporidium 
in water use immunofluorescent assay (IFA) microscopy. While these methods are capable of 
enumerating low levels of oocysts, they do not determine the species or genotypes of the 
Cryptosporidium detected. Researchers have attempted to address this shortcoming by developing 
PCR methods for genotyping oocysts directly recovered from water samples or from microscope 
slides. Our slide genotyping assay was specifically developed for sensitivity, since surface water 
typically contains very low numbers of oocysts. For example, of the 2,895 Cryptosporidium 
positive EPA Round 1 Long Term 2 Enhanced Surface Water Treatment Rule (LT2) samples, 
more than half (59%) of the samples had only a single oocyst present and 94% of positive samples 
contained 1 – 4 oocysts (Ongerth 2013). While valuable information can be obtained by directly 
genotyping oocysts from water samples, simultaneous and accurate quantification of low numbers 
of oocysts is not possible with current PCR methods. Therefore, methods focused on genotyping 
oocysts recovered from regulatory slides (“slide genotyping”) are the most useful since the 
overriding regulatory requirement of oocyst quantification is satisfied. 

There are currently no PCR-based regulatory drinking water quality tests and consequently 
the majority of utility and water quality laboratories have limited or no molecular experience. 
Several research groups have developed methods for genotyping Cryptosporidium oocysts 
recovered from regulatory slides. However, most of these methods are not practical for water utility 
and water quality laboratories since they rely on complicated and cumbersome multi-step nested 
PCR restriction fragment length polymorphism (RFLP) protocols. Therefore, WRF project #4099 
developed a user-friendly slide genotyping method to distinguish the human-pathogenic species 
of Cryptosporidium (i.e., C. parvum, C. hominis, C. meleagridis and C. cuniculus) responsible for 
almost all (>99%) sporadic cases of human cryptosporidiosis (Elwin et al. 2012) from animal-
associated Cryptosporidium oocysts. 

 
APPROACH 

 
Development of a slide genotyping method was Phase 1 of this research and completed 

under WRF project #4099, while Phases 2 and 3 were completed under the present project, #4284. 
The developed slide genotyping method uses a single round multiplex PCR targeting the 
Cryptosporidium genes for 18S ribosomal RNA (18S rDNA) and heat shock protein 70 (hsp70). 
The assay detects the 18S gene present in all Cryptosporidium species and genotypes while the 
hsp70 target is the marker for the major human pathogenic C. parvum, C. hominis, C. meleagridis 
and C. cuniculus, the species responsible for almost all human cryptosporidiosis. To facilitate the 
transfer of the developed slide genotyping technology into the hands of potential end users, Phase 
2 included a hands-on training workshop, initial demonstration of capability (IDC) by participating 
analytical labs, and multi-laboratory evaluation of method performance. For Phase 2 method 
evaluation, trials flow cytometry was used to precisely seed single C. parvum or C. muris oocysts 
directly onto clean (matrix-free) slides and surface water field slides, which previously tested 
negative for Cryptosporidium by IFA microscopy. Slides were provided to the laboratories in a 
blind fashion and all reagents and consumables were provided. Phase 3 involved a multi-laboratory 
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method evaluation using Method 1622/23 and UK field slides from diverse water sources with and 
without naturally occurring Cryptosporidium oocysts. Slides were provided to the participating 
analytical laboratories in a blind fashion, with each lab receiving 40 field slides, controls, and all 
reagents and consumables. PCR amplicons for all positive field samples were shipped to the 
University of Texas School of Public Health (UTSPH) laboratory for high resolution melt (HRM) 
analysis and DNA sequence analysis to identify the Cryptosporidium species/genotypes detected. 
 
RESULTS AND CONCLUSIONS 

 
Technology transfer to participating laboratory personnel was accomplished through a five 

day training workshop at the PI’s laboratory in El Paso, Texas. The workshop provided hands-on 
training for 14 analysts from 10 labs located in 6 countries. Following the workshop, two IDC 
trials were performed. For the IDC trials, each analyst received 10 blind-coded matrix-free slides: 
4 seeded with single C. parvum oocysts, 4 seeded with single C. muris oocysts, and 2 method 
blanks. A total of 25 analysts from 12 labs participated in IDC1, while 26 analysts from 13 labs 
participated in IDC2. Overall detection rates for IDC1 and IDC2, respectively, were 50% and 73% 
for C. parvum slides and 42% and 60% for C. muris slides. 

In Phase 2, an international method evaluation was performed with the participation of 12 
laboratories located in six countries. A total of five Phase 2 trials were successfully completed. 
Each lab received 30 blind-coded slides per trial: five matrix-free and five field water slides each 
seeded with a single C. parvum oocyst, five matrix-free and five field water slides each seeded 
with a single C. muris oocyst, five matrix-free method blank slides, and five unseeded field water 
slides that were negative for Cryptosporidium by IFA microscopy. Field slides seeded with C. 
parvum or C. muris oocysts were also previously reported negative for Cryptosporidium by IFA 
microscopy. For the five Phase 2 trials, a total of 990 blind-coded slides (with and without matrix) 
seeded with single oocysts were analyzed with an overall genotyping success rate of 50%. Overall 
genotyping success rates for seeded matrix-free and field water matrix slides was 48% and 53%, 
respectively. Therefore, the presence of field water matrix did not affect detection, indicating that 
the method was sufficiently robust for environmental samples. 

In Phase 3, eleven laboratories located in five countries evaluated method performance 
using field water slides with and without naturally occurring Cryptosporidium oocysts. A total of 
220 slides positive by IFA microscopy for Cryptosporidium oocysts and 220 IFA-negative blind-
coded Method 1622/23 and DWI field slides were analyzed. The majority of slides were provided 
by Scottish Water. Slides ranged in age from 5 to 20 months old, with 75% (164 of 220) of IFA-
positive slides 18 to 20 months old at the time of genotyping. The number of oocysts on IFA-
positive slides ranged from 1 to 78, with 70% (154 of 220) of the slides having 1 to 4 oocysts. The 
overall genotyping success rate for IFA-positive slides was 65%. Only 6% of the IFA-negative 
slides tested PCR positive, which was likely due to oocysts that had escaped detection by 
microscopy. An unexpectedly high number of slides tested positive for the hsp70 marker for 
human pathogenic Cryptosporidium, although unusual hsp70 and 18S HRM results were observed 
for the majority of these samples. Based on sequence analysis of the hsp70 and 18S amplicons, 
human pathogenic species/genotypes were present in only approximately 10% of the samples. 
DNA sequence analysis of 18S amplicons identified animal-associated species commonly found 
in previous UK and Canadian surface water studies, namely the Cryptosporidium muskrat 
genotype, C. andersoni, C. ubiquitum and Cryptosporidium Scottish Water genotypes. DNA 
sequence analysis of hsp70 amplicons revealed that most belonged to three novel sequence 
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subtypes not represented in GenBank and with approximately 90–95% similarity to C. parvum and 
C. hominis sequences. These novel hsp70 sequences were likely amplified from animal-associated 
oocysts (e.g., from small mammals such as voles and mice). In addition to the capability of DNA 
sequence analysis to identify these novel hsp70 subtypes to avoid false-positives for human 
pathogenic oocysts, a previously developed TaqMan probe may also be useful (Di Giovanni and 
LeChevallier 2005; LeChevallier et al. 2003). Regardless, these findings emphasize the importance 
of species/genotype confirmation using DNA sequence analysis. 

 
APPLICATIONS AND RECOMMENDATIONS 

 
This project clearly demonstrated that the Cryptosporidium slide genotyping method from 

project #4099 could be transferred to potential end-users, including laboratories with limited or no 
prior experience with molecular methods. Although the use of a real-time PCR instrument is 
recommended due to the additional information that HRM analysis provides, the method was 
shown to be compatible with conventional PCR instruments as well. Our slide genotyping method 
also had a comparable success rate to other more complicated and cumbersome multi-step nested 
PCR restriction fragment length polymorphism (RFLP) protocols used in previous studies.  

Large scale slide genotyping projects in the UK and Canada have provided the water 
industry and regulatory agencies with valuable information, in some cases forming the basis of 
industry and regulatory decisions. In contrast, very little is known about the occurrence of human 
pathogenic and animal-associated Cryptosporidium in U.S. source waters. LT2 Round 1 and 2 
monitoring will cost water systems approximately $300 million. Unfortunately, the opportunity to 
genotype EPA LT2 Round 1 slides was lost. LT2 Round 2 Cryptosporidium monitoring is 
scheduled to begin in 2015. There is no requirement for archiving of LT2 slides, and at the 
discretion of the utility, slide genotyping analyses could be performed. Assuming similar oocyst 
levels and numbers of positive samples in Round 2, all positive slides could be genotyped for less 
than 0.3% of the total monitoring cost, with even lower cost for analysis of a smaller but 
representative selection of slides. While genotyping results would not have LT2 regulatory 
significance, it represents a worthwhile investment to gain added value from LT2 monitoring and 
provide greatly needed data to support future regulations. Identification of Cryptosporidium 
species and genotypes present in U.S. source waters will allow the development of more accurate 
human health risk assessments and aid the development of effective watershed management plans. 
Specific recommendations include the following: 
 

1. In order to improve the benefits analysis for any future federal actions, water utilities, water 
quality laboratories, and regional EPA personnel should be provided with guidance to 
facilitate slide genotyping for LT2 Round 2 samples. Guidance will include Method 
1622/23/23.1 reagent options amenable with slide genotyping (e.g., avoiding the use of 
formalin containing slide mounting medium or BTF Fixing Buffer with formalin), 
appropriate slide storage conditions, and opportunities for donation of slides for research. 
It is recommended that the PIs of this project, AWWA, WRF, and EPA jointly develop 
these guidance materials. Moreover, this information needs to be distributed prior to 
commencement of LT2 Round 2.  

2. AWWA, WRF, and EPA should partner to fund genotyping of LT2 Round 2 slides. Even 
a cross-sectional analysis of selected slides would provide a cost-effective approach to 
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significantly advance our understanding of Cryptosporidium in U.S. source waters and 
provide invaluable data to support future regulations. 

 
RESEARCH PARTNERS: 

 American Water Works Association 
 Drinking Water Inspectorate 

 
PARTICIPANTS 

 
A total of 15 laboratories and 31 analysts located in seven different countries were involved 

with various analytical phases of this project, with most labor provided in-kind: 
 

 Scottish Parasite Diagnostic Research Laboratory, Scotland 
 Scottish Water, Scotland  
 Severn Trent Laboratories, England 
 ALS Water Resources Group, Australia 
 Provincial Laboratory for Public Health, Alberta, Canada 
 Public Health Wales, Wales 
 Centers for Disease Control and Prevention, USA 
 CH Diagnostic & Consulting Service, USA 
 Los Angeles Department of Water and Power, USA 
 Metropolitan Water District of Southern California, USA 
 City of Scottsdale Water, USA 
 Rand Water, South Africa 
 Clancy Environmental Consultants, USA 
 Wisconsin State Laboratory of Hygiene, USA 
 University of Texas School of Public Health - El Paso Regional Campus, USA 
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