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D 4.3. Molecular tools for assessment of quantity and parasite species for 

Cryptosporidium, Giardia and Toxoplasma, assessment of virulence especially 

Giardia, and infectivity for T. gondii 

 

Executive summary 

 

Standard methods for the detection of Cryptosporidium and Giardia in drinking water, or 

water used for food production, are based on (oo)cyst concentration by filtration, recovery 

from the sample matrix by immunomagnetic separation and enumeration by 

immunofluorescence microscopy, not molecular methods. There are no standard methods 

for Toxoplasma. A key aim of this deliverable is to identify and validate molecular targets 

required by Cluster 2 for the development of methods for detection and quantification of 

these parasites, which will also improve risk assessment by enabling estimation of human 

infection potential.  

 

For Cryptosporidium, C. parvum is widely used in test development as the oocysts are 

readily available commercially, highly purified in large numbers. Therefore, to enable 

accurate evaluation of methods developed in Cluster 2, molecular targets for the sensitive 

and specific detection and quantification of this species were identified and a qPCR 

developed and validated as a matter of priority. Likewise, molecular targets for the 

detection and quantification of the most common human pathogenic species, C. hominis, 

were identified and a qPCR developed and validated.  For each species, two approaches 

were used: 1) further investigation of putative species-unique genes identified previously in 

HEALTHY-WATER (EUFP 6) and 2) qPCRs based on characteristic single nucleotide 

polymorphisms (SNPs) in selected genetic loci.  

 

Putative Cryptosporidium species-specific genes were identified using comparative 

genomics of already published genome sequences as well as those generated for deliverable 

D4.1. The majority of the genes appeared to be shared between the two species of most 

public health importance (C. parvum and C. hominis). Nevertheless, a small subset of three 

genes, Chos-1, Chos-2, and Cops-2, were confirmed in silico to be species-specific. These 



 290115_ReportD4.3_Parasitology_AQWP4_Final 
 

iii 
 

were used to develop real-time PCRs for potential species-specific detection. Our results 

show that the inclusion of hydrolysis probes increased the assay specificity. Chos-2 is a 

suitable target for the development of probe-based assays for specific detection of C. 

hominis and C. cuniculus (a closely related species) and Cops-2 is a suitable target for the 

development of probe-based assays for specific detection of C. parvum.  

 

Single nucleotide polymorphism-based qPCRs, incorporating an internal amplification 

control, were fully validated for specific detection and quantification of each 

Cryptosporidium species of most interest: within the Lib13 gene for C. parvum and the A135 

gene for C. hominis. The qPCR assays are capable of detecting DNA from single numbers of 

oocysts and are both sensitive and specific and suitable for use in Cluster 2. 

 

Work to develop a “human pathogen” tool (for C. parvum, C. hominis, C. cuniculus and C. 

meleagridis) and a pan-Cryptosporidium genus tool is ongoing, and will be made available 

for field work in Cluster 3. The targets being investigated include heat shock protein, ssu 

rRNA, actin and cowp genes. 

Unlike Cryptosporidium, a limited number of genome sequences exist for Giardia. This might 

explain the difficulty in identifying truly specific targets for the two Giardia duodenalis 

assemblages of most public health importance (A and B). Our results show that the majority 

of putatively specific targets were common to both assemblages. Nevertheless, nine genes 

were assemblage B specific, while no assemblage A specific gene was found. Therefore, for 

detection, pan-Giardia genus targets and assemblage-specific qPCRs are more useful to 

Cluster 2; these are being investigated for specific detection and quantification of each G. 

duodenalis assemblage of most interest, A and B, based on the triose phosphate isomerise 

(tpi) gene. Final validation requires improved stock material for assessment. 

 

By optimizing assays using a common thermo cycling (PCR) programme, several different 

assays can be run at the same time on a single instrument (multiple targets in different 

reaction tubes), offering an alternative to multiplexing assays in a single tube, potentially 

allowing several targets to be detected with a single (of a limited choice) fluorophore, for 

example. 
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For Toxoplasma, a single species T. gondii infects humans and it is estimated that one third 

of the global human population are infected. A lack of prevalence data for raw and treated 

waters in Europe and worldwide reflects the lack of sensitive and reliable methods to 

recover and detect oocysts in large quantities of water, where the presence of PCR 

inhibitors further complicates reliable method development. Initial work in this deliverable 

concentrated on the processing of samples and extraction of DNA to optimise methods 

currently available and resulted in critical changes in methodology to maximise oocyst 

extraction from water samples and concentrations of DNA extracted. The 529 bp qPCR was 

selected (after a comparison with the more established ITS1 nested PCR) as most sensitive 

molecular assay due to its high number of repeats and strong assay performance 

characteristics. The assay was further developed with the addition of an optimised 

concentration of BSA to minimise PCR inhibition and an internal amplification control to 

identify any remaining false negatives due to inhibitors present in the water samples. The 

optimised 529 bp qPCR was then tested in the field using 1427 water samples from 147 

locations across Scotland, collected by Scottish Water, results from which have confirmed 

the sensitivity and specificity of this assay for use in detecting T. gondii in water samples.  

 

Alternative approaches to investigating public health risk from water contaminated with 

Giardia and Toxoplasma are also being explored. For Giardia, putative virulence factors have 

been identified by comparative evaluation of strain specific secretomes and detailed results 

were reported in deliverable D4.2. These secreted conserved virulence factors include 

Cathepsin B, cysteine proteases and Variable Surface Proteins. Further characterisation of 

these candidates is in progress to allow a better assessment of their role in host pathogen 

interaction and pathogenicity. Real-time PCRs will be developed for the most promising 

candidate factors.  

 

For T. gondii, an assay for the infectivity and viability of oocysts in water has been 

investigated using qPCR targeting the SporoSAG gene which was the most promising target 

gene from an assessment of the literature. SporoSAG is the dominant surface coat antigen 
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glycoprotein expressed on the surface of the sporozoite stage of the parasite. RNA was 

extracted from 3 batches of T. gondii oocysts of known and varying infectivity, cDNA was 

synthesised and reverse transcriptase qPCR (RT-qPCR) was used to detect cDNA targeting 

the SporoSAG gene. Actin was used as a control gene as it is expressed in both sporulated 

(potentially viable) and unsporulated (non viable) oocysts. SporoSAG was not detected in 

any of the oocyst batches tested including the fresh, sporulated batch. Actin was positive 

indicating the technique had worked but was not a sensitive enough method for the 

detection of viable oocysts at the concentration of oocysts used. Previous studies detected 

very low levels of SporoSAG from 10⁷ oocysts (here 10⁴ to 105 was used) which suggests that 

the SporoSAG assay will not be suitable for the low numbers of oocysts likely to be extracted 

from water samples.  There are currently no genes identified as suitable targets for assays to 

detect viable T. gondii oocysts in water samples, due to the low concentrations they are 

likely to be present in. 

 

In addition to the identification of molecular targets and delivery of validated qPCRs, this 

work has generated gDNA stocks and identified the need for plasmid DNA as a resource and 

quality control material for further method development and for use in WP9. It should be 

recognized that when technology is transferred onto other platforms using different 

material (Cluster 2 and 3), that these validations will need to be reproduced. The use of 

quality control material which forms part of WP9 will be integral to this transfer process. 
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BACKGROUND  

 

Standard methods for the detection of Cryptosporidium and Giardia in drinking water, or 

water used for food production, are based on (oo)cyst concentration by filtration, recovery 

from the sample matrix by immunomagnetic separation and enumeration by 

immunofluorescence microscopy (Anon 2006; Anon, 2010; Anon 2012). No information is 

provided about the species or genotype detected and therefore it is not possible to tell 

whether the (oo)cysts detected present a threat to public health. For Toxoplasma gondii, 

there are no standard methods for water monitoring. A key aim of this deliverable is to 

identify and validate molecular targets required by Cluster 2 for the development of 

molecular methods for detection and quantification of these parasites. The use of molecular 

methods is essential to identify whether the protozoa present are of species or genotypes 

infectious to humans, and offer potentially more rapid and sensitive detection than that 

provided by standard methods.  

 

AIMS  

The aims of this deliverable are: 

¶ to identify and develop effective molecular targets for detection of major 

waterborne protozoa by developing and validating quantitative, real-time PCR 

(qPCR) based assays.   

¶ to develop molecular tools to detect and determine the infectivity of Toxoplasma 

spp. oocysts in water generated from a mouse to cat infection model. 
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SECTION 1. MOLECULAR TARGET DISCOVERY BASED ON COMPARATIVE GENOMICS 

The specificity of assays for molecular detection of human pathogenic Cryptosporidium and 

Giardia species, genotypes or assemblages is frequently based on single nucleotide 

polymorphisms (SNPs) in target genes. One potential vulnerability in this strategy is that 

only small genetic changes may invalidate the assay. However, if species-specific loci were 

used as targets, there would be greater security against such genetic shifts.  This section 

describes the work to identify, using comparative genomics, suitable new molecular targets 

for the detection of major waterborne protozoa based on specific loci present in the target 

organism but absent in non-targets. 

 

1.1 Investigation of specific targets for Cryptosporidium parvum and Cryptosporidium 

hominis based on comparative genomics  

Introduction 

The search for Cryptosporidium species-specific targets was initiated as part of a FP6 Project 

[FOOD-CT-2006-036306 “Healthy Water”]. In that project, comparative genomics and in 

silico analyses of the three reference genomes (C. hominis, C. parvum and C. muris) allowed 

identification of putative specific genes that were subsequently tested experimentally. The 

majority of these genes were common to both C. parvum and C. hominis. Nevertheless, one 

C. hominis specific gene, designated Chos-1, was found (Bouzid et al, 2012). The specificity 

was confirmed experimentally using conventional PCR primers designed to amplify a 287 bp 

region of the gene, by testing a panel of genomic DNA from clinical isolates: C. hominis, C. 

parvum, C. cuniculus, C. felis, C. andersoni, C. ubiquitum, C. baileyi and three reference 

isolates: two C. parvum (IOWA and Moredun) and one C. hominis (TU502). Only C. hominis 

and the very closely related C. cuniculus DNA amplified using these primers.  

 

During the course of Aquavalens, this investigation was resumed and further in silico 

analyses exploited the numerous newly sequenced genomes generated for deliverable D4.1. 

Two more putatively species-specific genes were identified, designated Chos-2 (C. hominis) 

and Cops-2 (C. parvum). On the basis of these findings, Chos-1, Chos-2 and Cops-2 were 

investigated further as potential novel species-specific targets for Cluster 2; further 
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assessment of specificity in vitro and the initial development of real-time PCRs were 

undertaken and are described here.  

 

Methods 

To design suitable primers for real-time PCR, sequence alignments of each locus were 

created using BioEdit version 7.0.9.0 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Primer 

sequences were selected to amplify fragments of interest and appropriate length (70-150 

bp), while avoiding undesirable molecular interactions such as cross reactivity or self 

annealing (Anon, 2012). The potential for undesirable molecular interactions, primer length, 

annealing temperature and % GC content were assessed using the Primer Express software 

program (Applied Biosystems). TaqMan hydrolysis probes were chosen, as they are 

applicable to most real-time PCR platforms that might be used in Cluster 2. Primer and 

probe sequences were checked for cross-reactions with non-target sequences on the 

GenBank database using the Basic Local Alignment Search Tool (BLAST; 

http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). In silico analysis of the predicted fragments was 

undertaken to investigate possible cross-reactivity or miss-priming issues utilizing the 

CryptoDB database (http://cryptodb.org/cryptodb/).  

Selected primers (Life Technologies) and MGB-non-fluorescent quencher, NFQ probes (ABI) 

were set up in the following combinations, and are detailed in Table 1: For Chos-1, two 

different reverse primers with a common forward primer and probe; Chos-2 two different 

forward primers with a common reverse primer and probe) and for Cops-2 a single forward 

and reverse primer and probe.  

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
http://cryptodb.org/cryptodb/
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Table 1. Sequences of primers (F&R) and probes (T) designed to investigate the potential 
of the Chos-1, Chos-2 and Cops-2 loci for specific detection of C. hominis and C. parvum 
respectively. 

Assay 

name 

Primer -  

Probe 

Sequence (5’-3’) nt Tm % 

GC 

SIZE 

Chos-1 Chos-1F AAATTCACGATTAGCACGACCAG 23 59.2 43 140bp 

Chos-1R TCAATCGGAAATCCACAGAACTACT 25 59.1 40  

Chos-1T CCTCTTGAGCTTGCACC 17 69 59  

Chos-1R2 Chos-1F AAATTCACGATTAGCACGACCAG 23 59.2 43 127bp 

Chos-1R2 GTAGTGAAATATCCTTTTGGAGTATGC 27 56.8 37  

Chos-1T CCTCTTGAGCTTGCACC 17 69 59  

Chos-2 Chos-2F GTTCTCAAATTTTGGTTCGCTTG 23 58.8 39 139bp 

Chos-2R TTCTTGTTCAATTGCCATAAGCA 23 58.4 35  

Chos-2T CGTTTCAAGTCGTGCATC 18 69 50  

Chos-2F2 Chos-2F2 CGCATATGCAAATCAGTTCTCAA 23 58.9 39 167bp 

Chos-2R TTCTTGTTCAATTGCCATAAGCA 23 58.4 35  

Chos-2T CGTTTCAAGTCGTGCATC 18 69 50  

Cops-2 Cops-2F AAGTCGGAAGCCATAATGATCC 22 58.1 45 148bp 

Cops-2R GTAAAAGCACTTGTTTCTCCAAAATG 26 58.5 35  

Cops-2T TAGCACACCTACTAAAGCA 19 70 42  

 

The primers and probe sets were tested in a singleplex real-time PCRs format with target 

and non-target genomic DNA from an extended panel of various Cryptosporidium species 

and genotypes. PCR conditions were ABI TaqMan Environmental Master Mix 2.0 (ABI), 600 

nM of each primer and 100 nM probe. Cycling conditions were 95°C for 10 min, 95°C for 15 

seconds and 60°C for 1 min, 50 cycles. PCRs were run on a Rotorgene thermocycler. 5µl of 

PCR product was run on a 1% agarose gel to check for amplification and compare the results 

to the real-time PCR assay. 
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Results 

In silico analysis of the predicted fragments identified no unintended orthologs in 

Cryptosporidium spp., although sequence data are lacking for all species. No complete (both 

primers and probe) cross reactions with sequences from other genera were detected on 

GenBank. 

 

When the primers were used in conventional PCR, testing a small range of Cryptosporidium 

species, the Chos-2F2 primers amplified C. hominis and the very closely-related C. cuniculus 

only. However, all the other primers amplified a broader range of Cryptosporidium species 

than expected, with some amplicons of similar size to that expected in the target species 

(Table 2a). Testing of a larger panel of samples from the same and additional 

species/genotypes also yielded unexpected DNA amplification with some of the primers 

(Table 2b). This included (for example) amplification of DNA from C. felis, C. baileyi, C. 

viatorum, C. meleagridis (one isolate) and C. ubiquitum (one isolate) using Chos-1 primers. 

For Cops-2, in addition to C. parvum, there was DNA amplification from C. meleagridis (2 

isolates), horse genotype and one C. hominis isolate.  Sequencing is required to determine 

the identity of these amplicons. However, sequencing was not successful for many samples 

because of the small volume of PCR product available and the low concentration prior to 

purification. This is particularly true for PCR products from isolates other than C. hominis, C. 

parvum and C. cuniculus. The sequences generated from Chos-1 and Chos-2 amplicons for 

these other species were not of high quality. However, the sequences that were obtained 

did not show any sequence similarity to Cryptosporidium DNA, indicating that this is might 

indeed be non-specific amplification. PCR products from C. cuniculus showed high sequence 

similarity (98-99%) to C. hominis gene sequences, thus confirming the genetic closeness of 

these two species. Sequencing data showed that the horse genotype had an ortholog as a 

Cops-2 PCR product showed 96% sequence similarity to C. parvum. Greater specificity was 

provided by the real-time PCR incorporating the primers and probe sets (Table 3). The 

function of the Chos and Cops genes is as yet unknown, it is possible they may be involved in 

virulence. Testing against non-pathogenic isolates is warranted, and some that are non-

pathogenic for humans (e.g. C. andersoni, C. baileyi, C. bovis) were included in the extended 

panel (Tables 2b and 3).   
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Table 2a: Gel electrophoresis size of products amplified by conventional PCR of various 

Cryptosporidium spp. by Chos and Cops primers  

  
  

 Table 2b. Gel electrophoresis results of PCR products 
 

Cryptosporidium spp or 

genotype 

Gel electrophoresis results of PCR amplification (any size 
band was recorded as positive) 

Primers  
xpected band size in C. hominis (Chos) or C. parvum (Cops) 

Chos-1 
140 bp 

Chos-1R2 
127 bp 

Chos-2 
139 bp 

Chos-2F2 
167 bp 

Cops-2 
148 bp 

C. hominis TU502 + + + + - 

C. hominis Ch7 + + + + - 

C. hominis Ch8 + + + + + 

C. hominis  33932 + + + + - 

C. cuniculus 17276 + + + + - 

C. cuniculus 18375 + + + + - 

C. parvum Moredun - - - - + 

C. parvum 33974 - - - - - 

C. parvum 34266 - - - - + 

C. parvum 35352 - - - - + 

C. parvum Cp7 - - - - + 

C. parvum 35353 - - - + + 

Natural mixed  C. hominis/ 
C. parvum 33933 

+ + + + - 

C. felis 30949 + + - - - 

Cryptosporidium 

spp 

Primers 

Expected band size in C. hominis (Chos) or C. parvum (Cops) 

Chos-1 

140 bp 

Chos-1R2 

127 bp 

Chos-2 

139 bp 

Chos-2F2 

167 bp 

Cops-2 

148 bp 

C. hominis Ch7 140 bp 127 bp 139 bp 167 bp - 

C. cuniculus 140 bp 127 bp 139 bp 167 bp - 

C. parvum Cp7 ~130 bp 100 & 140 bp - - 148 bp 

C. meleagridis ~260 & 300 bp 50 bp 50 bp - 148 bp 

C. ubiquitum 140 bp 140 & 170 bp - - ~170 bp 

Horse gt - ~170 bp - - ~140 bp 
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C. canis 23645 - + - - - 

C. andersoni A823 - - - - - 

C. baileyi 15502 + - - - - 

C. viatorum 25244 + - - - - 

C. bovis 25727 - - - - - 

Skunk gt 23573 - + - - - 

C.meleagridis 25535 - - - - + 

C.meleagridis 35529 + - - - + 

C. ubiquitum 26353 + - - - - 

C. ubiquitum 17485 - - - - - 

Horse gt 25500 - - - - + 

  
 

Probe-based real-time PCR results presented as Ct values are summarised in Table 3. Only C. 

hominis and C. cuniculus species were detected using Chos-1 and Chos-2 primer-probe sets. 

For Cops-2, only C. parvum DNA was amplified. However, 1 out the 7 C. parvum isolates 

tested (C. parvum 33974) did not amplify using Cops-2 assay. The reason for this is 

unknown; sequence differences in the primer regions may be involved although another 

isolate of the same subtype did amplify. Additionally, DNA quality may have deteriorated 

through repeat freeze-thawing of the sample. So far results suggest the specificity of these 

novel targets even when testing a comprehensive panel of human infective Cryptosporidium 

species and genotypes. This specificity is conferred by the use of primers and probes in a 

real time PCR format. 

 

Table 3. Real time PCR results using a comprehensive DNA panel. Results are presented as 
Ct values. Empty cells correspond to no PCR amplification  

Species and isolate Gp60 

subtype 

Chos-

1 

Chos-

2 

Chos-

2F2 

Chos-

1R2 

Cops-

2 

C. hominis TU502 IaA25R3 22.30 27.72 25.27 26.33  

C. hominis Ch7 IbA10G2 31.71 38.44 32.25 30.53   

C. hominis Ch8 IaA14R3 26.35 34.42 26.66 26.67   

C. hominis 33932 IdA30 27.33 32.28 27.11 27.22   

C. cuniculus 17276 Va 26.10 30.68 27.64 26.78   

C. cuniculus 18375 Vb 30.12 35.04 32.27 31.64   

C. parvum Moredun IIaA17G1R1        27.72 

C. parvum 33974 IIcA5G3           

C. parvum 34266 IIcA5G3         28.86 
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C. parvum 35352 IIaA15G2R1         32.97 

C. parvum Cp7 IIaA17G1R1         28.40 

C. parvum 35353  IIdA24G1         29.34 

Natural mixed  C. hominis/C. 
parvum 33933 

IIdA15G1 
30.02 33.27 30.68 31.86 33.19 

C. felis 30949 nk           

C. canis 23645 nk           

C. andersoni A823 nk           

C. baileyi 15502 nk           

C. viatorum 25244 nk           

C. bovis 25727 nk          

Skunk gt 23573 nk           

C.meleagridis 25535 nk          

C.meleagridis 35529 nk          

C. ubiquitum 26353 nk          

C. ubiquitum 17485 nk          

Horse gt 25500 nk          

nk=not known, or not applicable 

 

The performance of a duplex assay for the simultaneous detection of both C. hominis and C. 

parvum was assessed using Chos2-F2 and Cops-2 primers and probes. This is particularly 

important for Cluster 2 as it is expected that a multiplex real time PCR assay for the 

simultaneous detection of waterborne parasites, bacteria and viruses would be developed.  

Single C. hominis and C. parvum DNA and an artificially mixed DNA sample were tested using 

both singleplex and duplex format and Ct values were recorded as shown in Table 4 and 

Figure 1. The samples were correctly identified but the duplex format was associated with 

some increase in Ct values 

 

Table 4. Real time PCR results comparing single and duplex Chos-2F2 and Cops-2 assays.  

Cryptosporidium species 
Singleplex assays Duplex assays 

Ct Chos-2F2 Ct Cops-2 Ct Chos-2F2 Ct Cops-2 

C. hominis Ch7 32.25 neg 35.14 neg 

C. parvum Cp7 neg 28.4 neg 28.96 

Artificial mix 

C. hominis and C. parvum 
Not done Not done 36.57 29.64 
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Figure 1. Amplification curves of real time multiplex PCR assay Chos-2F2:Cops-2  (left hand 
graph is green channel Cops-2 assay, right hand graph is yellow channel Chos2-F2) 
 

 

Discussion 

We sought to identify species-specific detection targets for C. parvum and C. hominis 

utilising comparative genomics data. However, this approach has proven less 

straightforward that initially hoped. This could be explained by the quality and quantity of 

the data available. Indeed, C. hominis TU502 genome sequence is still poorly assembled and 

no improvement is likely to occur. Nevertheless, the progress being made in next generation 

sequencing technologies and the major achievement of direct sequencing from clinical 

strains which was reported on in D4.2 is providing new genome sequences at an increasingly 

rapid rate. This ever increasing genomic data is likely to improve our understanding of 

Cryptosporidium evolution, host adaptation and virulence. Although the function of the 

Chos and Cops genes is as yet unknown, it is possible that they have a role in virulence and 

this is being investigated further along with other newly identified loci. In conclusion, as 

detection targets, the Chos and Cops genes may be useful for the specific detection of C. 

hominis / C. cuniculus and C. parvum, respectively using probe-based real-time PCRs but 

other, SNP-based targets are more extensively validated for this purpose and are available 

to Cluster 2 (see Section 2). 

 

No template control neg neg neg neg 
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1.2  Investigation of specific targets for Giardia duodenalis assemblages A and B based 

on comparative genomics  

Introduction 

In an approach similar to the one used for Cryptosporidium, we attempted to use 

comparative genomics to identify assemblage-specific genes, with a focus on the most 

common human infective assemblages (A and B). Unlike Cryptosporidium for which new 

genomes were generated in D4.1, only a few Giardia genomes are sequenced. A published 

study showed that only 36 of 4557 genes are assemblage specific (Figure 2) (Jerlström-

Hultqvist et al. 2010).  

 

 

 

Figure 2. Comparative genomic analyses of Giardia duodenalis assemblages (A, B and E) 
showing common and conserved genes. Taken from Jerlström-Hultqvist et al. 2010. 
Arrows point at genes of interest (assemblage A and assemblage B specific genes). 

 

Methods 

The 36 genes (5 assemblage A and 31 assemblage B) were further tested in silico and only 

genes with no sequence similarity (no Blast hit) to the other assemblages were selected. 

Table 5 shows the 22 putative assemblage-specific genes and a single shared gene. 
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Table 5: Putative assemblage specific genes identified in silico. Colour highlights 
correspond to potential gene families showing significant sequence similarity. The only 
shared gene is highlighted in red and used as positive control. 

 

 

Primers were designed using OligoPerfect™ Designer software from Life Technologies and 

purchased from this supplier. Details of primers are presented in Table 6. PCR conditions are 

as previously described (Bouzid et al., 2012).  

Table 6: Characteristics and nucleotide sequence of primers used to test putative 
assemblage specific genes.  

Primer name Primer sequence nt Tm 

Amplicon 

Size (bp) 

GL50581_3637_F AGAGGCCTGCACACCTACTA 20 70 896 

GL50581_3637_R CCGCCGTCTGATAAGTCCTC 20 72   

GL50581_4508_F ATGATGCAGTGAGCTGTTCG 20 68 691 

GL50581_4508_R CAGAGGGCGATTCCAATAGA 20 68   

GL50581_2613_F GGTTTCGCAGCAAGAAGAAC 20 68 373 

GL50581_2613_R ATACCACTCCAGCGTTTTGG 20 68   

GL50581_7_F AGCCGCAGGCTACTTGTCTA 20 70 470 

GL50581_7_R ATAGAGGGGCCCAACCTATG 20 70   

GL50581_100_F CTCGATTGTGTGCTTGTCGT 20 68 309 

ISOLATE GENE ID ANNOTATION Comments 

GS GL50581_3637 Hypothetical protein very small sequence simlarity on prot level (WB and P15)

GS GL50581_4508 Hypothetical protein

GS GL50581_2613 Hypothetical protein non significant small sequence similarity on nucleotide level  (WB and P15)

GS GL50581_7 Hypothetical protein non significant sequence similarity on nucleotide level to P15

GS GL50581_100 Hypothetical protein nt and prot similarity to 2 GS genes

GS GL50581_1632 Rep protein, putative nt and prot similarity to 2 GS genes

GS GL50581_1633 Hypothetical protein nt and prot similarity to 2 GS genes

GS GL50581_2037 Hypothetical protein non significant sequence similarity on nucleotide level to P15

GS GL50581_2038 Hypothetical protein prot similarity to 3 GS genes/ non significant sequence similarity on nucleotide level (GS and WB)

GS GL50581_3038 Hypothetical protein prot similarity to 3 GS genes

GS GL50581_3039 Replication associated protein REP1, putativent and prot similarity to 2 GS genes

GS GL50581_3192 Hypothetical protein

GS GL50581_3319 Hypothetical protein prot similarity to 3 GS genes

GS GL50581_3333 Replicase-associated protein, putativenon significant sequence similarity on nucleotide level to WB

GS GL50581_3339 Hypothetical protein nt and prot similarity to 2 GS genes

GS GL50581_3340 Rep protein, putative nt and prot similarity to 2 GS genes

GS GL50581_2039 Hypothetical protein prot similarity to 2 GS genes

GS GL50581_3321 Hypothetical protein non significant sequence similarity on nucleotide level to P15

WB GL50803_137678 Hypothetical protein nt similarity to WB gene

WB GL50803_4430 Hypothetical protein nt similarity to WB gene/ non significant nt similarity to WB P15 GS

WB + GS GL50803_10192 Hypothetical protein

GS GL50581_2040 Hypothetical protein prot similarity to GS gene

GS GL50581_180 Hypothetical protein prot similarity to GS gene

http://tools.lifetechnologies.com/content.cfm?pageid=9716
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GL50581_100_R TGTCTCAACTCCGCTTCCTT 20 68   

GL50581_1632_F TAGCAGGTCCCTGGTCATTC 20 70 448 

GL50581_1632_R GCGGAGAGGTCTACAACTGC 20 72   

GL50581_1633_F GCGTACCGTTTCACTGTTCA 20 68 334 

GL50581_1633_R CCAGTGTGCCTACCAATGTG 20 70   

GL50581_2037_F TTGGCGTAGAGAAGCACAAA 20 66 493 

GL50581_2037_R GTCATCCATGCTGTGAATGC 20 68   

GL50581_2038_F ATTAAAGCCCTGGAGGAGGA 20 68 321 

GL50581_2038_R CTCAGGGGTGATTTCGGTAA 20 68   

GL50581_3038_F CGTTGCAGATTTGGGTTTTT 20 64 379 

GL50581_3038_R TCCGCTAAGGCGTCTTCTAA 20 68   

GL50581_3039_F AAAATGCCGAGTGGATTCAG 20 66 339 

GL50581_3039_R TAGGTCCGAACGCTGTCTCT 20 70   

GL50581_3192_F CGATGAGGTGATCAACATGC 20 68 433 

GL50581_3192_R GGTGTAGAACTCGCCAAAGC 20 70   

GL50581_3319_F GAGAACGCAATGGAAGAAGC 20 68 467 

GL50581_3319_R CGACAGAGGGGACAGGATAG 20 72   

GL50581_3333_F ATGGCACAGAAACATGGACA 20 66 438 

GL50581_3333_R AACCCCTTGGACAGTTGTTG 20 68   

GL50581_3339_F GCGTACCGTTTCACTGTTCA 20 68 334 

GL50581_3339_R CCAATGTGCCTACCAATGTG 20 68   

GL50581_3340_F GGGAGTGCAGAGGACAACAT 20 70 463 

GL50581_3340_R CTTGCATTGGGTAACGGTCT 20 68   

GL50581_2039_F CAACCAGATACACGCGCTAA 20 68 282 

GL50581_2039_R GCACATAGAGCACCAAAGCA 20 68   

GL50581_3321_F AGTGGTTCAAAGGCGACAGT 20 68 290 

GL50581_3321_R CCAGCCAGCTGCTTCTTTAC 20 70   

WB_137678_F TCCAGGATTCCAGTCAAAGG 20 68 380 

WB_137678_R TTCTGGAATAGCACGACACG 20 68   

WB_4430_F TAAGCGAGCTGGACCTTGAT 20 68 404 

WB_4430_R CGCAGGCATGGTTACCTTAT 20 68   
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G_10192_F TTTGTTGCCAGGATTTGTGA 20 64 223 

G_10192_R CTGCTCTTGTCTGCTGGTCA 20 70   

GL50581_2040_F CGTTCTGTGGGCGACTTTAT 20 68 341 

GL50581_2040_R CCGAACTCTGCCTTGTTTTC 20 68   

GL50581_180_F GCACGAACTGGTTGAACGTA 20 68 305 

GL50581_180_R TCTCCTCAAATGTGCGTGTC 20 68   

 

Assemblage specificity was assessed using a panel of Giardia duodenalis DNA as described in 

Table 7. Further optimisation was undertaken to improve the PCR results and obtain single 

banded PCR products. This included increasing the annealing temperature to 57°C and use 

of HotStarTaq Plus DNA polymerase (Qiagen). The specificity of the novel markers was 

further assessed against a panel of non-human infective assemblages (C, D, E and F) as 

shown in Table 7.  

Table 7: Giardia duodenalis DNA used to test the putative assemblage specific genes by 
PCR. Strains were typed at more than one locus and were kindly donated by colleagues. 
Reference strains WB and GS were cultivated in the lab and DNA extracted from 
trophozoites. All other samples correspond to DNA extraction from clinical samples. 

Sample ID: Giardia duodenalis 

assemblage 

Donated by 

WB A Royal Holloway University of London, J Tovar-Torres 

GS B Royal Holloway University of London, J Tovar-Torres 

G072 A Cryptosporidium Reference Unit, K Elwin 

G073 A Cryptosporidium Reference Unit, K Elwin 

G071 B Cryptosporidium Reference Unit, K Elwin 

G054 B Cryptosporidium Reference Unit, K Elwin 

764 C Istituto Superiore di Sanità, S Caccio 

899 C Istituto Superiore di Sanità, S Caccio 

389 D Istituto Superiore di Sanità, S Caccio 

456 D Istituto Superiore di Sanità, S Caccio 

135 E Istituto Superiore di Sanità, S Caccio 

152 E Istituto Superiore di Sanità, S Caccio 

101 F Istituto Superiore di Sanità, S Caccio 
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Results 

Similar to results obtained for Cryptosporidium species, the majority of Giardia duodenalis 

putative assemblage-specific genes were common to both human infective assemblages. 

Figure 3 shows PCR results for 10 genes tested using WB (assemblage A) and GS 

(assemblage B) DNA. Nevertheless, gene 4 (GL50581_7) was confirmed to be assemblage B 

specific.  

 

 

 

 

 

 

Figure 3: PCR results of ten Giardia duodenalis putative assemblage A and B specific genes 
(1-10) using WB and GS DNA. MW: molecular weight, NTC: non template control.  1- 
GL50581_3637, 2- GL50581_4508, 3- GL50581_2613, 4- GL50581_7, 5- GL50581_2037, 6- 
GL50581_3192, 7- GL50581_3333, 8- GL50581_3321, 9- GL50803_137678, 10- 
GL50803_4430. 

 

Using the optimised PCR to obtain single banded products, nine genes were assemblage B 

specific: GL50581_7, GL50581_2037, GL50581_100, GL50581_1633, GL50581_3038, 

GL50581_3339, GL50581_2039, GL50581_2040, GL50581_180 (Figure 4). All these genes 

are of unknown function. Conversely, no assemblage A specific gene was found.   
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Figure 4: Giardia assemblage B specific genes confirmed by optimised PCR. MW: molecular 
weight, NTC: non template control. 1- GL50581_100, 2- GL50581_7, 3- GL50581_1633, 4- 
GL50581_2039, 5- GL50581_2040, GL50581_180. 

 

PCR results of assessment of these novel markers against a panel of non-human infective 

assemblages (C, D, E and F) as shown previously on Table 7 confirm that these genes are 

indeed assemblage B specific (Figure 5).  

 

 

 

 

 

 

Figure 5: Assessment of the specificity of assemblage B specific genes by testing non-
human infective assemblages DNA. (A) Amplification of GL50581_3038 gene, (B) 
GL50581_3339, (C) GL50581_2039, (D) GL50581_2040. MW: molecular weight. 1- 764 
(Assemblage C), 2- 899 (Assemblage C), 3- 389 (Assemblage D), 4- 456 (Assemblage D), 5- 
135 (Assemblage E), 6- 152 (Assemblage E), 7- 101 (Assemblage F), 8- GS (Assemblage B). 
Only GS (assemblage B) is amplified. 
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Discussion 

This work has identified nine genes that are assemblage B specific but none for assemblage 

A. While the former could be useful, specific diagnostic targets for assemblage B in the 

absence of any specific target for assemblage A is not ideal. We are likely to favour the use 

of more traditional targets such as tpi and β- giardin for the purposes of Cluster 2 work. 

Nevertheless, these genes could be mediators of host adaptation / population structure for 

this particular assemblage. However, research and clinical data are currently missing to be 

able to answer these questions. 

 

Overall Discussion 

Based on our results, comparative genomics can uncover species and assemblage specific 

genes that are useful as specific diagnostic markers and could play a role in host pathogen 

interaction and virulence. However, this is limited by the number of genome sequences 

available. Considering the breakthrough results achieved for D4.1, it is expected that the 

number of genomes available would increase dramatically, especially for Cryptosporidium. 

In addition, many of the newly sequenced strains are from clinical samples. This would offer 

the additional benefit of linking genomic and clinical data and would hopefully improve our 

understanding of Cryptosporidium and Giardia virulence.  
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SECTION 2. MOLECULAR DETECTION OF WATERBORNE PROTOZOA BY qPCR 

 

Introduction and literature review 

This section describes the work undertaken by partner PHL at the Cryptosporidium 

Reference Unit (CRU) to identify and develop molecular targets for the detection of major 

waterborne protozoa using quantitative, real-time PCR (qPCR) based assays for the 

detection of Cryptosporidium genus, C. parvum, C. hominis, Giardia genus, G. duodenalis 

Assemblage A and G. duodenalis assemblage B, and by partners at Moredun for the 

detection of Toxoplasma gondii. 

 

A variety of molecular tools have been developed to detect Cryptosporidium and 

differentiate species (Xiao, 2010). These have been based mainly on nested PCR of the ssu 

rRNA gene followed by either restriction fragment length polymorphism (RFLP) analysis, or 

more usually and accurately, sequencing to identify the species present. The ssu rRNA gene 

is an appealing target as it is the gene for which there is most sequence data available, it 

contains both conserved and polymorphic regions allowing pan-genus detection and 

differentiation’ and it is present as a multicopy (5 copies) gene and theoretically offers the 

increased sensitivity required for water testing, especially in nested PCR. As the numbers of 

oocysts present in water samples are often small (single figures), highly sensitive assays with 

a low limit of detection are required. Real-time PCRs have also been shown to provide good 

sensitivity but may suffer lack of specificity at the ssu rRNA gene (Staggs et al, 2013). This is 

because the ssu rRNA gene is highly conserved among the eukaryotes making primer and 

probe design difficult where high specificity is required.  

 

Other genes have also been investigated as potential targets for Cryptosporidium detection 

and these are described in the Appendix, Table A1. However, attempts to establish whether 

all species and genotypes will be successfully amplified without any unwanted cross 

reactions with other non-target species may be thwarted by the lack of published sequence 

data and /or the availability of DNA to test assay specificity. An interesting approach has 

been explored in a Water Research Foundation-funded project (WRF project #4284), in 

which conventional and real-time PCRs to distinguish the human-pathogenic species of 

Cryptosporidium (defined for that study as C. parvum, C. hominis, C. meleagridis and C. 
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cuniculus) from animal associated species and genotypes were subjected to round robin 

trials for genotyping off water monitoring microscope slides. The human-pathogenic target 

was the hsp70 gene and the ssu rRNA gene was the Cryptosporidium target. However, non-

specific amplicons were detected and the study concluded that sequence analysis was 

require to avoid false positives for human pathogenic species and that TaqMan probes 

would also prove useful. The hsp70 gene primers were those described previously by Di 

Giovanni and and LeChevallier, 2005 and the ssu rRNA gene primers were those described 

by Johnson et al. 1995. The latter have known cross reactions with algae e.g. Gymnodinium.  

 

A truly Cryptosporidium-specific pan-genus, probe-based, real-time PCR detection assay for 

water monitoring remains an as yet unvalidated but a highly desirable molecular tool. Two 

approaches may be considered:  either concentrating efforts on redesigning existing SSU 

rDNA assays to improve specificity, or look at other conserved loci such as the heat shock 

protein genes as alternatives. 

Another WRF project (#4179) has attempted to define a gold standard real-time PCR based 

on the ssu rRNA gene and the developing lab concluded that the “18S-LC2” real-time PCR 

was highly sensitive and, with HybProbes, specific on the light cycler. This assay has yet to 

be trialled in another laboratory. Nested PCR could also improve the specificity of an assay 

with all four primer sequences required for efficient amplification. This could potentially be 

coupled with real-time PCR, either as a single-tube assay or as a two-tube assay. Single-tube 

would keep the system closed and may be more amenable to incorporation into platforms 

being developed in Cluster 2. With this in mind, we investigated a single-tube nested PCR 

targeting ssu rDNA for detection of Cryptosporidium. 

 

The detection and differentiation of C. hominis and C. parvum are of key interest in the 

context of this project; they are the main human pathogenic species and differentiation of 

one from the other can aid source tracking and exposure risk to individuals and water 

supplies.  Furthermore, C. parvum is widely used in test development as the oocysts are 

readily available commercially, highly purified in large numbers. Therefore molecular targets 

for the accurate, sensitive and specific detection and quantification of this species are 

desirable for method development in Cluster 2. C. parvum is also a major cause of 
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waterborne cryptosporidiosis and selected targets for water monitoring need to include 

those appropriate for this species. Likewise, molecular targets for the detection and 

quantification of C. hominis are required. An assay enabling the detection of these two 

species in drinking water would detect the major waterborne Cryptosporidium species that 

present a public health risk.  

 

Real-time PCR targeting the Lib13 locus has been described (Tanriverdi et al., 2003, Hadfield 

et al., 2011).  A region of interest of this locus has been previously been demonstrated to be 

specific to C. parvum (Hadfield et al., 2011) and therefore represents a suitable candidate 

target for qPCR.  The specific detection of C. hominis by PCR (real time or conventional 

format) is complicated by the sequence homology at some loci with the very closely related 

Cryptosporidium cuniculus – also a human pathogen. One gene which has been investigated 

previously, the A135 (Tosini et al., 2010) is of interest as a potential target as it contains a 

region of sequence where primers and a probe might be sited were specific to C. hominis 

and would not amplify any other species or genotype, including C. cuniculus. 

 

For Giardia, G. duodenalis assemblages A and B are of most public health concern, and 

molecular targets offering genus and assemblage specificity are desirable. The four most 

commonly used targets for the detection of Giardia spp. in animal, human and water 

samples are SSU rDNA, β-giardin, glutamate dehydrogenate (gdh) and trio-phosphate 

isomerase (tpi) genes (Feng and Xiao, 2011), and their comparable attributes contribute to 

varying potential suitability for assemblage A and B specific qPCR. These are described in the 

Appendix, Table A2). The SSU rRNA gene is present in multiple copies (60-130 copies per 

nucleus) offering potentially improved detection of the genus. However, the limited inter-

sequence and inter-species variation compared with the other loci (1-10 bp vs. up to 100 bp) 

incurs the possibility of cross reaction with other genera. Furthermore, assemblage 

differentiation can be poor and unreliable, depending on the primers used (Feng and Xiao, 

2011). The gdh and tpi genes are more variable and have been widely used in conventional 

PCRs and to a lesser extent in real-time PCR (Feng and Xiao, 2011) or assemblage-specific 

assays. The β-giardin gene is unique to Giardia, and a two regions of this gene investigated 

previously (Guy et al., 2003, Caccio et al., 2002) are appropriate for real-time PCR, and are 

suitably conserved for probe design while remaining discriminatory through sequencing.  
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By comparing the available gene sequence data and undertaking in silico comparisons 

especially of the regions amplified by published primers, it was clear that there were very 

few regions homologous in assemblages A and B but different from the other assemblages. 

In fact, comparative analysis has suggested that assemblage A is more similar to non-

pathogenic assemblage E than to assemblage B (Wielinga and Thompson 2007).  

We therefore chose to design an assay predicted from available sequence data to detect 

Giardia spp. (and certainly all G. duodenalis assemblages) by targeting the β-giardin gene 

and a second assay which would detect and differentiate the human pathogenic assemblage 

A and assemblage B in a multiplex qPCR using assemblage specific primers and probes 

targeting the tpi gene.   

 

The β-giardin gene was selected for Giardia spp. detection as it is unique to the genus and 

therefore offers an inherent high level of specificity. The assay was designed to amplify a 

specific region within that described previously Caccio and colleagues (2002). The primers 

and probe were designed de novo for this project since the original published assay was 

designed for conventional amplification and detection.  

 

The tpi gene was selected for the assemblage A and B typing assay because the gene is well 

documented as being highly polymorphic and has been used in numerous typing assays in a 

conventional format (see Appendix Table A2). The assay was designed upon a region 

previously described by Almeida et al., (2010) but incorporating a minor groove-binding 

(MGB) Taqman probe and modified primers designed to amplify separate short regions of 

the gene in two assemblage specific assays, which were multiplexed for use. 

 

2.1 Development and validation of qPCRs for Cryptosporidium and Giardia  

 
Methods 
 

For Cryptosporidium, a C. parvum-specific region of the Lib13 gene (a single copy gene of 

unknown function (Tanriverdi et al., 2003) and a C. hominis-specific region of the A135 gene 

(a single copy gene coding for a multi-domain adhesion protein family), (Tosini et al. 2010) 
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were investigated.  For Giardia duodenalis, assemblage A and assemblage B specific regions 

of the tpi gene (a single copy gene involved in carbohydrate biosynthesis, gluconeogenesis 

(The UniProt Consortium, 2014) (Almeida et al, 2010) were investigated. For Giardia spp. a 

region of the β-giardin gene (a single copy gene coding for a structural constituent of the 

cytoskeleton (The UniProt Consortium, 2014; Caccio et al, 2002) was investigated.  

 To ensure consistency in development and validation of qPCR based on the selected 

targets, a Standard Operating Procedure (SOP) (CRU SOP 067) and supporting recording 

documents were used (CRU SOP 067F1 and CRU SOP 067F2). The SOP, which covers target 

and assay design and optimisation, followed by full evaluation and validation, is based on 

the Minimum Information for Publication of Quantitative Real-Time PCR Experiments 

(MIQE) guidelines (Bustin et al., 2009) and was followed as described below.  

 

Design and optimisation 

i. Primer and probe design 

The selected primer and probe sequences were aligned against desired target sequences 

downloaded from GenBank. For genus specific targets, sequences from all known species in 

the genus were included. For species-specific targets, multiple sequences from those of 

interest were included to check for intra-specific SNPs and their effect on specificity. Also 

included here, were sequences from all other species within the genus. 

 

ii. In silico assessment 

Multiple BLASTn processes (alignments) were undertaken using GenBank for both primers 

and each probe. The output arising from any non-target sequences which indicated 

similarity with all three elements and therefore predictive of detection was assessed for 

extent of similarity, probable cross reactions and likelihood of DNA from the non-target 

species being present in the sample matrices. 

 

iii. Thermodynamics and chemistry of Taqman/MGB probes 

ABI Primer design software was used to create a thermodynamic and chemical characteristic 

outline of the assay. The example below (Figure 6) shows a satisfactory design and complies 

with the general recommendations for Taqman primer and probe design (Anon, 2012). 
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Figure 6: Primer and Probe design 

 

iv. Primer and probe concentrations 

Chequerboards were made of primer concentrations (300nM, 600nM and 900nM) were 

titrated against each other and probe concentrations (100nM, 150nM and 200nM) in 

triplicate, using the same amount of the same starting template DNA and the same 

thermocycling conditions, in the same PCR run where possible. The concentration of each 

primer and probe which gave the lowest Ct value was selected for each assay. Where there 

was no difference in Ct values between two probe concentrations, the lowest concentration 

was selected to conserve stocks of the probe (the most expensive element of the qPCR). 

 

v. Annealing temperature 

During initial experiments, such as primer and probe concentrations, moderate 

thermocycling conditions were used as described below. The ABI Environmental master mix 

(2.0) was used in a two-step assay:  

95°C  10 minutes – hot start to activate the polymerase 

Two-step: 

95°C  15 seconds – denaturation 

60°C  60 seconds – annealing 

Two-step repeated 49 times, for a total of 50 cycles. 
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The use of a common programme set-up for real-time PCR assays to be run on the same 

system is advantageous for operational purposes since assays for different targets can be 

run on the same instrument, an important consideration for the Aquavalens goals. 

 

vi. DNA template input volume 

A common starting volume of 3µl of template DNA was used; where this produced 

acceptable results, this volume was used for all new assays. Where initial sensitivity 

appeared to be compromised by template volume, 1 to 5µl was titrated and Ct values 

compared. 

 

vii. Incorporation of an assay internal positive control (IC) 

To identify false negative results caused by PCR inhibition, qPCR assays, particularly those 

intended for organism detection, require the incorporation of an assay internal positive 

control. This is usually an exogenous DNA template (often synthetic) which is amplified in 

the same tube as the assay template of interest, but with its own primers and probe. We 

used Primer Design DNA IC as it is used routinely by the CRU and does not usually have any 

detrimental effect on the Ct values of the assay of interest. The correct acquisition channel 

for the IC (e.g. cy5/red) was added to the assay thermocycling programme.  

 

Validation 

The selected targets, incorporated into qPCRs were validated as follows:  

i. qPCR standards 

Stocks of DNA for both standard curves and linearity were produced from genomic DNA 

(gDNA). The two Cryptosporidium species for which oocysts are commercially available for 

the creation of gDNA are C. parvum and C. muris, of which only C. parvum was of interest as 

a specific detection target. C. hominis is highly desirable as the other major human 

pathogen and was obtained from stools submitted to the CRU. Genomic DNA was prepared 

and evaluated as follows: 

¶ For C. hominis isolates derived from stools, oocysts were semi-purified by salt 

flotation (Chalmers et al, 2009),  purified by immunomagnetic separation (IMS) 

(Isolate, TCS Biosciences), surface sterilised with a sodium hypochlorite solution 



 290115_ReportD4.3_Parasitology_AQWP4_Final 
 

24 
 

(0.6% active chlorine) followed immediately by three washes with nuclease free 

water, and enumerated with in haemocytometer (see 2, below). C. parvum oocyst 

suspensions (Moredun isolate, Creative Science Company, Edinburgh) were already 

highly purified.  

¶ Cryptosporidium oocyst suspensions were enumerated by staining in suspension 

(CryptoCel FAST, TCS Biosciences) and counted using a haemocytometer (C-chip, 

PeqLab), adjusting the concentration prior to final multiple (10) counts. 

¶ For Giardia, WB (assemblage A) and GS (assemblage B) trophozoites were provided 

(Karin Troell, National Veterinary Institute, Sweden) harvested from cell culture. 

¶ The stock suspension was diluted to provide the required start concentration. 

¶ DNA was extracted using freeze-thaw disruption in the presence of chelex resin 

followed by removal of the resin using Costar Spin-X columns.  

¶ Immediately after gDNA extraction the concentration of dsDNA in the stock solution 

was measured by fluorimetry (Qubit ®, LifeTechnologies).  

¶ The gDNA stock was serially diluted (10 fold) to create stock gDNA concentrations 

from 100,000 to 0.1 (oo)cysts/µl. 

¶ All the aliquots were pipetted using MAXIMum Recovery® tips (Axigen Inc.) into 

Maximum Recovery® storage tubes (Axigen Inc.) and stored at -20°C. 

To generate standard curves using a Rotor-Gene 6000, gNDA from a minimum of four 10-

fold serial dilutions were used in triplicate, by setting each replicate as a “Standard” and 

entering the number of (oo)cysts per µl. At the end of the PCR the software automatically 

produced the standard curve for that PCR. 

 

ii. Linearity and efficiency 

To investigate the linearity and efficiency of each qPCR, data generated by the gDNA 

dilution series were analysed using the Rotorgene software and the numerical data – either 

actual concentration of DNA or number of organisms, were entered in the sample 

information table in the Rotorgene software (“edit samples”) and the following parameters 

recorded: 
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R2   correlation coefficient relating the fit of the curve to that predicted by the 

dilution series, influenced by the preparation of the dilution series and the sensitivity 

of the assay. A value of 1 indicates that the data fall perfectly on the line and are 

therefore linear and that the Ct value of a sample can be considered to be 

proportional to the amount of starting material. 

M  the gradient of the line. Titration curve gradients between -3.1 and -3.6 giving 

reaction efficiencies of between 90 and 110% are acceptable. 

E  the efficiency of the reaction, derived from E=10[-1/M]-1. A value of 1 indicates 

the assay is 100% efficient. 

 

iii. Analytical sensitivity and limit of detection (LOD)  

Genomic DNA containing 100,000, 10,000, 1000, 1 and 0.1 parasites/µl was tested in 

quintuplicate and positivity rates were recorded.  Analytical sensitivity was expressed as 

gene copies per PCR and LOD as the minimum number of copies in a sample that can be 

detected accurately and with reasonable certainty. In the first instance this was measured 

where all 5 replicates were positive. Validation data provided additional information. These 

calculations take into account the number of copies of the gene present in each (oo)cysts. 

For Cryptosporidium this was 4 as each oocyst contains 4 sporozoites with a single nucleus. 

For Giardia this was 16 as mature cysts contain 4 tetrapoid nuclei. 

 

iv. Analytical specificity 

To assess analytical specificity, each qPCR was tested by amplifying a range of gDNA from a 

collection of Cryptosporidium, Giardia and non-Cryptosporidium and non-Giardia species as 

appropriate (Appendix Table A3)  

  

v. Diagnostic sensitivity and specificity 

Diagnostic sensitivity was defined as the proportion of true positives correctly identified by 

the assay, given by  a/(a+c) in Table 8. 

Diagnostic specificity was defined as the proportion of true negatives correctly identified by 

the assay, given by  d/(b+d) in Table 8. 
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Table 8. Relation between assay and gold standard results 

 

qPCR 

 
Nominated gold standard 

TOTAL 
+ - 

+ 
True + 

a 
False + 

b 
a+b 

- 
False - 

c 
True - 

d 
c+d 

TOTAL 
 

a+c b+d n 

 
 

To create a panel of true positive and true negative samples, DNA was extracted using a spin 

column stool kit (QIAamp fast DNA Stool mini kit, Qiagen) from clinical cases for testing 

using nominated gold standards: this has been complted for Cryptosporidium nested ssu 

DNA PCR (Jiang et al., 2005) and is underway for Giardia. PCR products from all false 

positives, i.e. those which were positive in the qPCR compared with the nominated gold 

standard, were sequenced to establish their true identity. The panel aimed to provide 

sufficient samples in order to detect a difference between assays, if there was one, and 

consisted of at least 100 true negative stools for either parasite, ~100 true positive 

Cryptosporidium stools (approx 50:50 C. hominis and C. parvum), ~100 true positive Giardia 

duodenalis stools providing both assemblage A and B. 

 

vi. Precision 

To investigate variation in qPCR results the following were examined: 

¶ Repeatibility and accuracy at different gDNA concentrations. Two genomic DNA 

standards representative of a high (1000) and a low (100) concentration of (oo)cysts / ul 

were each tested in replicate (n=20). The variance and standard deviation of the Ct 

values calculated within and between the two sets and the variance compared using 

Bartlett’s χ2 at 95% confidence. The Ct values were also measured against a standard 

curve in the same run and the derived number of (oo)cysts calculated by the Rotor gene 

software was compared with that from the original count and the % accuracy (+/-) was 

reported. 
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¶ Reproducibility To assess the agreement between assays, a set of clinical samples (n=20) 

were tested by three different scientists on separate occasions. The SD and Relative 

Standard Deviation of the Ct values were calculated. The variance for each data set was 

compared using Bartlett’s χ2 at 95% confidence. Where variance was homogenous, mean 

Ct values were compared using one-way ANOVA at 95% confidence; where variance 

differed median Ct values were compared using Kruskal-Wallis or Man-Whitney U test. 

 

  vii  Detection of mixtures in multiplex PCR  

To establish whether a mixed infection of both G. duodenalis assemblage A and assemblage 

B DNA could be detected in a single sample in disproportionate amounts, a two-way 

titration series, in 10 increments of 10% by volume, of one field isolate each of assemblage 

A and assemblage B DNA was created and amplified. The Ct value of each assemblage in 

each mixture was recorded and compared using Pearson r correlation test. 

 

viii  Record keeping 

All assay development and validation data were recorded in form CRU SOP 067F1 and 

standard curve data and preparation details in CRU SOP 067F2. 

 

Final qPCR reagents and conditions 

For the qPCRs, the total assay volume was 25 µl, template volume 3 µl, in 0.2ml individual 

tubes (transparent polypropylene). DNA polymerase (AmpliTaq Gold DNA Polymerase, ultra 

pure), magnesium and assay buffer were as supplied in ABI Environmental Master Mix (2.0). 

Internal DNA extraction control kit (Cy5, Primer Design) was used at a working stock of 1:10. 

Assay conditions were Hold  95°C 10 mins, Cycling 50 cycles:  95°C  15 s, annealing 60°C  60 s 

(acquiring red/yellow/ green/orange) run in 72 well gene discs on the Rotorgene 3000 or 

6000.  
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Table 9. The final Cryptosporidium primers and probes: 

Element Name Sequence 5’-3’  
(nt location in reference sequence) 

Primer and probe 
concentration; probe 
chemistry 

Lib13 gene, C. parvum, reference sequence IOWA B78618  
Forward primer 

LF 
TCCTTGAAATGAATATTTGTGACTCG 
(458-483) 

 900nM 

 

Reverse primer 
LPR 

TTAATGTGGTAGTTGCGGTTGAAC 
(600-623) 

900nM 

Probe  

LPT 
TATCTCTTCGTAGCGGCGTA  
(569-588) 

100nM  
VIC-XXXX-MGB-NFQ 

 
A135 gene, C. hominis, reference sequence TU502 XM-661774  
Forward primer 

AF 
CACCAAAGATAATGGATGTTGTTGAT 
(2861-2886) 

900nM 
 

Reverse primer 
ARb 

AATTGCTTCGACATCGTCCAAT  
(2964-2985) 

300nM 

Probe  

AT 
CAAACGAGCTATTAAAGG  
(2903-2920) 

100nM  
FAM-XXXX-MGB-NFQ 

 

 

The tpi assay was optimised as a multiplex assay, consisting of separate primers and probes 

for the assemblage-specific amplification of assemblages A and B (Table 10).  

 

Table 10. The final Giardia primers and probes were: 

Element Name Sequence 5’-3’ (location nt in 
reference sequence) 

Primer and probe 
concentration; probe 
chemistry 

tpi gene, Assemblage A, reference sequence WB L02120  

Forward primer AF CATTGCCCCTTCCGCC (647-662) 300nM  
 

Reverse primer AR CTGCGCTGCTATCCTCAACTG (702-
722) 

900nM 

Probe AT CCATTGCGGCAAACA 9679-693) 100nM 
VIC-NNNNN-MGB-NFQ 

tpi gene, Assemblage B, reference sequence GS L02116  

Forward primer BF GATGAACGCAAGGCCAATAA (939-
958) 

300nM  
 

Reverse primer BR TCTTTGATTCTCCAATCTCCTTCTT 
(996-1020) 

900nM 

Probe BT AATATTGCTCAGCTCGAG (959-976) 100nM 
FAM-NNNNN-MGB-NFQ 
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Β-giardin gene, Giardia spp. reference sequence Portland1 
X85958 

 

Forward primer BGF2 GAGGCCCTCAAGAGCCTGAA (1217-
1236) 

300nM  

Reverse primer BGR2 ACACTCGACGAGCTTCGTGTT (1403-
1420) 

600nM  

Probe  BGT2 ATCGAGAAGGAGACGATCGC-VIC-
MGB probe (1340-1359) 

100nM 
VIC-XXXXX-MGB-NFQ 

 

 

Results and discussion 

The primers were predicted in silico to amplify the intended target, and neither the primers 

nor the probes were predicted to amplify unintended targets of primers and probe. The 

primers and probes had the correct GC content and Tm values and inter- and intra- 

molecular interactions were minimal. Other preliminary performance considerations are 

shown in Table 11, and indicate the qPCR were suitable for further validation although the 

efficiency of the β-giardin assay was a bit low when tested with assemblage B DNA. 

 

Table 11. Assay performance data from each qPCR  

Investigation C. parvum 
based on 
Lib13 

C. hominis 
based on 
A135 

G. duodenalis 
A based on 
tpi 

G. duodenalis 
B based on 
tpi 

Giardia spp. 
based on β-
giardin  

Linearity 
Acceptable R2 
value >0.980 

R2=0.995 
 
 

R2 = 0.99710,  R2  = 0.99 
 
 

R2 = 0.94 
 

Assemblage A: 
R2 = 0.97 
Assemblage B: 
R2 = 0.96 

PCR efficiency 
acceptable 
ranges are 
E  90-105%,  
M value: -3.1 to 
-3.6 

E=0.88 
M=-3.634 

E=0.94 
M=-3.478 

E=0.96 
M=-3.43 
 

E=1.31 
M=-2.76 
 

Assemblage A: 
M = -3.57 
E = 0.97 
Assemblage B: 
M = -3.76 
E = 0.85 

 

 

The C. parvum Lib13 and C. hominis A135 qPCRs were fully validated and were shown to be 

highly specific and appropriate targets for molecular detection of these Cryptosporidium 

species (see Table 12). Each assay was capable of detecting 3 oocysts per PCR. However, this 

was not achieved by all replicates, and is less sensitive than 0.3 oocysts per PCR achieved by 

nested ssu DNA assay (data not shown). However, the qPCR assays may be further 
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optimised for analytical sensitivity depending on the platforms being used in Cluster 2. 

Diagnostic sensitivity was 1.00, as was diagnostic specificity, when compared to nested ssu 

DNA PCR. Although the variance of Ct values for the Lib13 C. parvum assay in higher 

concentration gDNA was greater than in lower, the assay was otherwise precise, as was the 

A135 C. hominis assay.  
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Table 12. Validation of C. parvum and C. hominis targets in qPCR 

Investigation 
 

C. parvum based on Lib13 C. hominis based on A135 

Analytical sensitivity   
 
 
LOD 

2/5 (40%) 12 copies or 3 oocysts per 

PCR; 4 copies or 1 oocyst per ml. 
 
5/5 (100%) 120 copies or 30 oocysts 
per PCR; 40 copies or 10 oocysts per 

 ml. 

20% (1/5) 12 copies or 3 oocysts per 

PCR; 4 copies or 1 oocst per  ml. 
 
5/5 (100%) 120 copies or 30 oocysts 
per PCR; 40 copies or 10 oocysts per 

 ml. 

Analytical specificity 
 

No unintended cross reactions No unintended cross reactions 

Diagnostic sensitivity   110 true negative stools and 49 true 
positive stools  
1.00 (95% CI 0.93 to 1.00) 

110 true negative stools and 47 true 
positive stools  
1.00 (95% CI 0.92 to 1.00) 

Diagnostic specificity  
 
 

110 true negative stools and 49 true 
positive stools  
1.00 (95% CI 0.97 to 1.00) 

110 true negative stools and 47 true 
positive stools  
1.00 (95% CI 0.97 to 1.00) 

Repeatability and 
accuracy  
(one high and one 
low concentration 
gDNA sample each 
analysed 20 times) 
  
 

 
 

The Ct values for the low 
concentration of gDNA ranged from 
30.49 to 31.08, mean = 30.82, 
SD=0.16. 
The Ct values for the high 
concentration of gDNA ranged from 
27.00 to 27.21, mean= 27.14,  
SD=0.10 
The variance was greater in the high 
concentration sample than the low 
(p= 0.03) 
qPCR estimated a mean of 1028.9 
oocysts in the high concentration 
DNA (1000 oocysts)  and 100.8 in the 
low (100 oocysts) 

The Ct values for the low 
concentration of gDNA ranged from 
32.21 to 32.84, mean = 32.54 
SD=0.15 
The Ct values for the high 
concentration of gDNA ranged from 
28.27 to 28.89, mean= 28.51 
SD=0.14 
The variances were homogenous 
with 95% confidence (p=0.674) 
qPCR estimated a mean of 1182.7 
oocysts in the high concentration 
DNA (1000 oocysts)  and 104.3 in 
the low (100 oocysts) 

Reproducibility 
(20 clinical samples 
tested by 3 
scientists) 
 

Mean for the triplicate tests on each 
sample ranged from 23.64 to 31.64 
and the standard deviation for the 
triplicate tests on each sample 
ranged from 0.08 to 0.53. The 
relative SD (%) of Ct values for each 
sample ranged from 0.3% to 1.9% 
There was no difference in the mean 
Ct between person runs (p=0.815). 
The means for each person run (20 
samples) were 28.23, 27.97, 27.69 
and the variances were homogenous 
with 95% confidence  (p=0.969)  

Mean for the triplicate tests on 
each sample ranged from 23.00 to 
38.79 and the standard deviation 
for the triplicate tests on each 
sample ranged from 0.06 to 1.28. 
The relative SD (%) of Cq values for 
each sample ranged from 0.3% to 
3.6%. There was no difference in 
the mean Ct between person runs 
(p=0.943). The means for each 
person run (20 samples) were 
28.21, 28.35, 27.91 and the 
variances were homogenous 
(p=0.923) 

Reference Intervals Ct values from 49 true positive stools 
from clinical cases ranged from 
21.69 to 33.65, median 27.60, 

Ct values from 47 true positive 
stools from clinical cases ranged 
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Further validation of the Giardia assays was undertaken in a similar manner where possible, 

but is ongoing pending acquisition of suitable stocks of sufficiently high quantity of material.  

 

So far the data show that the multiplex tpi assay is sensitive, capable of detecting 3 cysts per 

PCR, but improved stocks of DNA extracted from high numbers of organisms are required 

for more reliable quantification. The analytical specificity was good, with no unintended 

cross reactions. For completion of diagnostic sensitivity and specificity assessment, the 

benchmark nested PCRs need to be run.  

 

Repeatability and accuracy (one high and one low concentration gDNA sample each 

analysed 20 times) were not assessed for Assemblage A due to insufficient data points being 

obtained from the DNA stock available. For assemblage B the Ct values for the low 

concentration of gDNA ranged from 30.85 to 32.69, mean 34.98, SD 0.36 while the Ct values 

for the high concentration of gDNA ranged from 34.30 to 35.66, mean 31.50, SD 0.34. The 

variances were homogenous (p=0.851).  

 

Reproducibility (20 samples tested in triplicate by 3 scientists) showed the mean for the 

triplicate tests on each sample (regardless of assemblage) ranged from 23.80 to 36.61. The 

standard deviation for the triplicate tests on all samples ranged from 0.2 to 1.13. The 

relative SD (%) of Ct values ranged from 0.9 to 3.6%. There was no difference in the mean Ct 

between person runs (p=0.555). The means for each person run (20 samples) were 29.46, 

29.52, and 30.56 and the variances were homogenous (p=0.999). When Cts were compared 

by assemblage, assemblage A (n=21) mean was 30.46, SD 4.58 and assemblage B (n=39) 

mean 29.51, SD 2.86. The variances were not homogenous (p=0.014), but there was no 

difference between median Ct values (assemblage A 30.16, assemblage B 29.04, p=0.566). 

 

mean 27.68 from 24.47 to 36.94, median 28.89, 
mean 29.48. 
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Reference intervals for Ct values from 25 true positive assemblage A stools from clinical 

cases of giardiasis ranged from 23.18 to 38.97, median 30.35, mean 30.58 and for 

assemblage B stools ranged from 25.15 to 38.98 , median 30.66 , mean 30.73. 

 

The assay was optimised as a multiplex assay, consisting of separate primers and probes for 

the assemblage-specific amplification of assemblages A and B. This was because in 

singleplex we experienced cross talk between the green fluorophore and the yellow 

fluorophore detecting channel on both the Rotorgenes 3000 and 6000. Good amplification 

(known to be assemblage specific from singleplex work) and very much less cross talk was 

seen in the multiplex assay because the presence of the yellow dye (VIC) provides 

background against which the cross talking green dye (FAM) is calibrated when they are 

both in the same tube. However, preliminary information from the Ct values of one field 

isolate (assemblage A) tested in singleplex and multiplex did not differ (31.05 and 31.42, 

respectively) indicating that multiplexing the assay did not have a detrimental effect on the 

sensitivity of the assay. 

DNA from assemblage A was detectable in the presence of up to nine times (by volume) as 

much assemblage B DNA, and vice versa (data not shown).  The Ct values for each 

assemblage decreased as the proportion of that assemblage’s DNA increased in comparison 

with the decreasing proportion of the other assemblage, with a correlation value (r) of -

0.74.  

The typing assay described here was originally designed for the detection and 

characterisation of assemblage A and B DNA in clinical samples in which the copy number of 

the target gene is expected to be high. (Elwin et al., 2014). Preliminary data suggest that the 

assay is sensitive and is likely to be suitable for detection and characterisation of these 

assemblages in material expected to contain less target template such as water and 

environmental material. Improved stocks of material containing enumerated template 

material would allow a limit of detection for this assay to be established.  

So far the data show that the β-giardin qPCR is capable of detecting 30 cysts per PCR, but 

improved stocks of DNA extracted from high numbers of organisms are required for more 

reliable assessment. The analytical specificity is so far satisfactory, with no unintended cross 
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reactions, and further testing with closely related organisms such Octomitus is underway. 

For completion of diagnostic sensitivity and specificity assessment, the benchmark nested 

PCRs need to be run. 

Repeatability and accuracy (one high and one low concentration gDNA sample each 

analysed 20 times) were not assessed for Assemblage A due to insufficient data points being 

obtained from the DNA stock available. For assemblage B, repeatability data were obtained 

for 19 aliquots @ 1000 cysts per µl (high concentration DNA) and 16 @ 100 cysts per µl (low 

concentration DNA). The mean Ct for the former was 33.91, SD 0.53 and the latter 38.85, SD 

2.03 but the variances were not homogenous (p=0.00).  

 

Reproducibility data were obtained for 19/20 samples in tested by three scientists. The 

mean Ct the triplicate tests on each sample ranged from to and the standard deviation for 

the triplicate tests on each sample ranged from 23.52 to 41.88, the SD ranged from 0.07 to 

3.11 and the relative SD (%) of Ct values for each sample ranged from 0.2% to 0.74%. The 

was no significant difference between the mean Ct for each person run (p=0.840) (Cts 30.40, 

SD 4.28; 31.29, SD 5.11 and 30.76; SD 4.38) and the variances were homogenous (Bartlett’s 

χ2 =0.663, df=2, p=0.718). When all the tests were compared by assemblage, the variances 

were not homogenous (Bartlett’s χ2=17.30 , df=1, p=0.000) and the median Cts (assemblage 

A 36.47, assemblage B 29.14) were different (Mann Witney U test p=0.000). 

Reference intervals for Ct values from 95 true positive stools from clinical cases of giardiasis 

ranged from 25.17 to 46.21, median 32.31, mean 33.15. For assemblage A samples (n=46) 

the Cts ranged from 25.59 to 46.21, median 34.17, mean 34.88.  For assemblage B samples 

samples (n=49) the Cts ranged from 25.17 to 38.52, median 31.11, mean 31.53.   

 

It appears that the β giardin assay may perform better for assemblage B than assemblage A 

but improved stocks of material are need to complete the investigation. 

The assay development reported here has been carried out using the platforms and material 

available and described, and the various numerical performance data are reported on that 

basis. It should be recognized that when technology is transferred onto other platforms 
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using different material, that these validations will need to be reproduced. The use of 

quality control material which forms part of WP9  is integral to this transfer process. 

 
Assays have been optimized to be run using a common thermo cycling (PCR) programme as 

this allows several different assays to be run at the same time on a single instrument, 

improving workflow and turnaround time; in addition this offers an alternative to 

multiplexing assays in a single tube. Multiple targets in different reaction tubes can be 

assayed using a single real-time PCR run where the thermo cycling conditions are the same. 

This extends the repertoire of testing as it potentially allows several targets to be detected 

with a single (of a limited choice) fluorophore, for example. 

 

Further work, clinical validation and application 

The evaluation and validation data presented here were based on gDNA. The advantage of 

using gDNA is that it is more reflective of a real sample and the processes it has been 

through (e.g. a particular DNA extraction procedure). However, to produce a standard curve 

from gDNA requires a very high number of Cryptosporidium oocysts, or Giardia cysts or 

trophozoites, which are difficult to obtain for many species, genotypes or assemblages and 

stock are not immortal. To evaluate the performance of developed PCRs and enable the 

production of standard curves for quantification, we generated multiple aliquots of 

accurately measured and diluted quality control (QC) DNA from both Cryptosporidium 

parvum (Moredun isolate) and Cryptosporidium hominis (Clinical isolate submitted to the 

national reference unit). This gDNA was extracted from highly purified oocysts in suspension 

(either commercially acquired or following multiple purification steps, i.e. saturated salt 

flotation and immunomagnetic separation). A series of 10-fold dilutions was prepared for 

each sample and single use aliquots stored at -20°C until required. 

 

The number of aliquots of this gDNA is limited (particularly with the C. hominis isolate) due 

to the high number of oocysts that are required to produce the material. The starting 

number of oocysts for the C. parvum isolate was 3.95x107 supplied at 49,375 oocysts per µl 

as measured by the Qubit analyser. Approximately 40 aliquots were produced at this 

concentration and 50 aliquots for each 10-fold dilution below that. An additional 50 aliquots 

were produced for each dilution from 49.375 to 0.049375 oocysts per µl for use in analytical 
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sensitivity experiments. The starting number of oocysts in the C. hominis sample was much 

lower at 4.8x106 created at 24,000 oocysts per µl as measured by the Qubit analyser and 8 

aliquots were produced for each 10-fold dilution from 24,000 to 0.024 oocysts per µl. While 

there is still a good stock of the C. parvum dilution series available for future work there are 

only 3 complete dilution series left for the C. hominis isolate and 2 additional aliquot series 

missing the first concentration (i.e. from 2,400 to 0.024 oocysts per µl). 

Work is underway with MRI to compare the use of gDNA with plasmid DNA (pDNA) for 

evaluation and standard curve production. The purpose of this will be to enable the 

production of larger quantities of QC material and also for those species that are not easily 

obtainable (i.e. species other than C. parvum or C. hominis). The advantage of using pDNA is 

that replicable quantities can be generated to make standard curves for each locus for each 

species of interest. Plasmid DNA will be of especial value for WP9.  

Once the outstanding work to validate the qPCRs has been completed, they will be applied 

in water testing. Operational water monitoring slides and concentrates have been pledged 

by Thames Water for testing the qPCRs and comparing with microscopy counts in source 

waters. A forthcoming catchment-based study in Wales in summer 2015 will use the qPCRs 

for monitoring for presence of C. parvum and C. hominis and Giardia. 

 

The Lib13, A135 and tpi A and B targets have all been used in a clinical setting at the CRU. 

For example, the Lib13 C. parvum assay has been used successfully to demonstrate 

detection of C. parvum DNA in human cases of cryptosporidiosis over time. Sequential 

samples were provided by two siblings who acquired cryptosporidiosis caring for bottle-fed 

lambs. Samples were obtained from one sibling, a seven year old male (patient R), from 8 

days post onset of symptoms and from the other, a six year old girl (patient K), from four 

days post onset. Daily samples were collected until days 37 and 33 post onset respectively. 

Stools were frozen at -80oC until testing after defrosting slowly after which DNA was 

extracted using Qiagen spin columns (QIAamp fast DNA Stool mini kit, Qiagen, with 

additional incubation at 95°C for 10 minutes). Stools were also tested by 

immunofluorescence microscopy (CryptoCel, CelLabs). Ct values were used to estimate 

oocyst numbers, and compared with immunofluorescence microscopy, qPCR is able to 

detect Cryptosporidium DNA more sensitively and for longer (Figure 7)  
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Figure 7: Application of the Lib13 C. parvum qPCR   
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2.2 Investigation of Cryptosporidium genus-specific targets in the small subunit ribosomal 

RNA (ssu rRNA) gene for real-time PCR 

 

To provide targets for the detection of the genus Cryptosporidium, we are currently 

adapting the “18s LC2” (WRF #4179) to the RotorGene. This has involved re-design of the 

primers and probes around the same target region. We also investigated the possibility of 

developing a single-tube nested PCR for the ssu rRNA gene, which has improved specificity 

based on two sets of primer sequences. By having the specificity at the primer sites, PCR 

competition is also reduced when genetically similar organisms are present in the sample. 

 

Single-tube nested (STN) PCRs have been developed for other organisms such as 

Tritrichomonas foetus (Gookin et al., 2002) and also for Cryptosporidium (Homan et al., 

1999), including one with real-time detection (Minarovičová et al., 2009), but the amplicon 

was too short for confirmation and identification by sequencing and the specificity of the 

assay is uncertain. The principle of the STN PCR uses primary primers that are designed to 

have a higher annealing temperature, leaving the secondary primers unbound, to amplify 

the primary products first. The annealing temperature is then adjusted to target the 

secondary primers, using the amplified primary product as a template for the secondary 

PCR. 

 

Methods 

Initially an in-silico analysis was performed to identify potential regions of interest, including 

from those previously published. A reference sequence alignment was prepared to identify 

the best candidate primers according to the following outline: 

¶ Cryptosporidium species and genotype sequences identified by Ruecker et al. (2012) 

and reference sequences were downloaded from GenBank. 

¶ Primer sequences from previously published ssu rRNA assays were added (Table 13). 

¶ Reference sequences from closely related organisms including various species of 

Eimeria, Toxoplasma, Neospora, Hammondia, Sarcocystis, Cystoisopora, Theileria, 

Babesia, Plasmodium and gregarines were downloaded from GenBank. 
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¶ Sequences of organisms found by others to closely match or hit various ssu DNA 

primers including dinoflagelletes, Saccharomyces cerevisiae, various uncultured 

organisms from environmental samples and closely matched organisms from the 

study by Staggs et al. (2013). 

¶ All sequences were aligned, excess non-Cryptosporidium sequences trimmed and each 

primer analysed for closely matched sequences. 

 

Table 13. Referenced primers added to the reference sequence alignment. 

Reference Primer Sequence 

Xiao et al., 2001 1F TTCTAGAGCTAATACATGCG 

 1R CCCATTTCCTTCGAAACAGGA 

 2F GGAAGGGTTGTATTTATTAGATAAAG 

 2R AAGGAGTAAGGAACAACCTCCA 

Jiang et al., 2005 R CTCATAAGGTGCTGAAGGAGTA 

Morgan et al., 1997 F AGTGACAAGAAATAACAATACAGG 

 R CCTGCTTTAAGCACTCTAATTTTC 

Hadfield et al., 2011 F GAGGTAGTGACAAGAAATAACAATACAGG 

 T-MGB* TACGAGCTTTTTAACTGCAACAA 

 R CTGCTTTAAGCACTCTAATTTTCTCAAAG 

Nichols et al., 2003 F CAATTGGAGGGCAAGTCTGGTGCCAGC 

 R CCTTCCTATGTCTGGACCTGGTGAGT 

Johnson et al., 1 995 F AAGCTCGTAGTTGGATTTCTG 

 R TAAGGTGCTGAAGGAGTAAGG 

Coupe et al., 2005 1F CTGGTTGATCCTGCCAGTAG 

 1R TAAGGTGCTGAAGGAGTAAGG 

 2F CAGTTATAGTTTACTTGATAATC 

 2R CAATACCCTACCGTCTAAAG 

Ryan et al., 2005 1F GACATATCATTCAAGTTTCTGACC 

 1R CTGAAGGAGTAAGGAACAACC 

 2F CCTATCAGCTTTAGACGGTAGG 

 2R TCTAAGAATTTCACCTCTGACTG 
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Hashimoto et al., 2006 1F&2F GCTCGTAGTTGGATTTCTGTTAA 

 1R TAAGGTGCTGAAGGAGTAAGG 

 2R CCAATCTCTAGTTGGCATAG 

Xiao et al., 2011 LC1F Primer sequences shared in confidence. 

WRF 4179 LC1R 

 LC2F 

 LC2R 

*T-MGB – TaqMan MGB Probe (Applied Biosystems) 

 

The alignment was analysed to try and identify primer sets that may be developed into an 

STN PCR, based on the in-silico theoretical specificity, the position of the primers in relation 

to the species-differentiating polymorphic regions and length of expected fragment. 

Potential primers sequences were assessed in Primer Express for Real Time PCR version 3.0 

(Applied Biosystems), adjusted to result in higher melting temperatures for the primary PCR 

than the secondary PCR primers, checked for hair-pins, self-dimers and cross-dimers, and 

the final primer sequences double checked for specificity against the reference alignment. 

 

The selected primers, paired as primary and secondary assays, were then initially tested at a 

range of annealing temperatures and with three different master mixes (Qiagen’s HotStar 

Taq, ABI’s Environmental Master Mix 2.0, Bioline’s SensiMix II). All PCRs were performed in 

a 25 µl volume and contained 0.1 µM of forward and reverse primers (later increased to 0.5 

µM during real-time PCRs), and 2.5 µl of DNA template. PCR assays using the ABI and 

SensiMix mixes were prepared in the 2x Master Mix supplied, whereas the HotStar Taq 

assays were prepared in 10x reaction buffer, 100 µM of dNTPs and 12.5 µg of non-

acetylated BSA. Initial experiments were undertaken using a standard thermocycler (Dyad), 

but were later performed on a Rotorgene (Qiagen) in the presence of a TaqMan MGB probe. 

 

After initial experiments comparing the three different PCR mixes, the Environmental mix 

was taken forward as this is the one used at the CRU currently and it is designed specifically 

to counter the effect of PCR inhibitors that may be present. 
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Results and discussion 

Due to the conserved nature of the ssu rRNA gene in all eukaryotic organisms no perfect 

primer sets were identified. Table 14 shows the attributes of these primers and a summary 

of their matches to both the different Cryptosporidium species and the non-Cryptosporidium 

organisms. As the aim was to amplify all species and genotypes of Cryptosporidium, not just 

C. parvum and C. hominis, the length of amplified fragment was also important for 

application in real-time PCR. Therefore a shorter product was required for best PCR 

efficiency, but long enough and in a region of sufficient polymorphism to differentiate the 

various species/genotypes by sequence analysis. Figure 8 shows where most of these 

primers sit on the ssu rRNA gene. Table 15 summarises the primers that were identified for 

testing in an STN PCR. 

 

Initial testing of annealing temperature using the HotStar Taq conditions over a broad range 

of temperatures on a gradient showed an optimal annealing temperature of about 65.4°C 

for the Primary PCR and about 58°C for the Secondary PCR. Narrowing this temperature 

range around the indicated values did not produce the same results, with HotStar Taq and 

SensiMix amplifying over the whole range (65°C-68°C for Primary and 58°C-62°C for 

Secondary). The ABI mix did indicate the annealing temperature of about 65.5°C for the 

Primary and about 58.5°C was optimal with this mix. This shows how variable the PCR assay 

can be when using different master mixes. Further experiments failed to pin down the 

optimal annealing temperatures for the HotStar Taq and ABI assays when amplifying on the 

Dyad thermocycler. At this point the assay development was transferred onto the 

RotorGene using only the ABI master mix to try and identify the optimal conditions when 

amplified on a real-time platform. Initial annealing at 58°C for both the primary and 

secondary PCRs resulted in no amplification as detected by agarose gel electrophoresis or 

the RotorGene when the MGB probe was present. A repeat experiment using the HotStar 

Taq mix under the same conditions on both the Dyad and RotorGene resulted in 

amplification at 58°C for the primary PCR on both platforms and amplification in the 

secondary PCR on the Dyad alone. This suggested that the HotStar Taq mix may be more 

sensitive than the ABI mix and that assays run on the RotorGene may require a lower 
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annealing temperature than on the block-based thermocycler. As the HotStar Taq mix isn’t 

designed for real-time PCR use, in a further experiment the ABI mix was tested at lower 

annealing temperatures. Concentrating on the secondary PCR, an annealing temperature of 

45°C amplified DNA from C. parvum, C. hominis and C. meleagridis (Figure 9), but the Ct 

values were quite high. A slightly higher annealing temperature resulted in higher Ct values. 

Attempts to optimise the primary PCR annealing temperature were unsuccessful with the 

ABI mix. 
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Table 14. A summary of the published ssu rRNA gene primers showing their mismatches with other Cryptosporidium species and matches to 

non-Cryptosporidium sequences. 

Ref.  Primer Sequence Tm  %GC bp Cryptosporidium mismatches (bp 
position) 

Non-specific matches 
(bp position mismatches) 

Xiao 2001 1F* TTCTAGAGCTAATACATGCG 47.4 40 20 C. fayeri (20) 100% Gymnodinium spp. 
100% Cochlodinium polykrikoides 
100% Akashiwo sanguine 
100% Gyrodinium rubrum 
100% various uncultured organisms 
1bp mismatch with various organisms inc. Saccharomyces 
cerevisiae (20) 

 1R* CCCATTTCCTTCGAAACAGGA 59.9 48 21 C. muris (5,16) None 

 2F* GGAAGGGTTGTATTTATTAGATAAAG 52.5 31 26 Several spp. (5) 
Three spp.  (goose II, Deer-mouse II 
& III) partial data with mismatches 

Ornithocercus magnificus (24) 
Uncultured fungus (26) 
Several organisms with a couple of mismatches at middle to 3’ 
end. 

 2R* AAGGAGTAAGGAACAACCTCCA 55.7 45 22 Several spp. with 5-6 middle  to 3’ 
mismatches inc. deletions (W17, 
W15, W3, Deer-mouse II, 
Chipmunk III)  

None 

Jiang 2005 R CTCATAAGGTGCTGAAGGAGTA 52.7 45 22 1 mismatch in partial data for horse 
gt. 

1bp mismatch (22) with Gymnodinium spp., Hepatozoon 
catesbianae, Akashiwo sanguinea, Cochlodinium polykrikoides, 
Gyrodinium rubrum, Ornithocercus spp., Crypthecodinium sp., 
Dinophyceae sp. & a few uncultured organisms. 

Morgan 1997 F AGTGACAAGAAATAACAATACAGG 51.2 33 24 1 mismatch (24) in C. macro, xiaoi, 
bovis, ryanae, scrof, seal gt, goose I 
& II. 
1 mismatch (23) in W7, UKE2, SW3. 

100% Babesia spp., Gymnodinium spp. & various env. Organisms 
and uncultured organisms. 
1 mismatch (7) Eimeria spp., Cyclo 
1 mismatch (22) Theileria spp. 
1 mismatch (23) Plasmodium spp. 

 R CCTGCTTTAAGCACTCTAATTTTC 54.9 38 24 1 mismatch (9) in W21 & Chipmunk 
II. 

2 mismatches (8, 11) in several coccidia. 
1 mismatch (8 or 9) Theileria and Babesia spp. 
1 or 2 mismatches in various env or uncultured organisms. 
100% uncultured marine eukaryote 

Hadfield 2011 F GAGGTAGTGACAAGAAATAACAATACAGG 58.0 38 29 1 mismatch (29) in C. macro, xiaoi, 
bovis, ryanae, scrof, seal gt, goose I 
& II. 
1 mismatch (28) in W7, UKE2, SW3. 

100% Babesia spp., Gymnodinium spp. & various env. Organisms 
and uncultured organisms. 
1 mismatch (12) Eimeria spp., Cyclo 
1 mismatch (27) Theileria spp. 
1 mismatch (28) Plasmodium spp. 
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 T-
MGB 

TACGAGCTTTTTAACTGCAACAA 70.0 35 23 None 100% Coccidia & most other apicomplexans. 
100% or 1bp mismatch in many env. or uncultured organisms.  

 R CTGCTTTAAGCACTCTAATTTTCTCAAAG 59.6 34 29 1 mismatch (8) in W21 & Chipmunk 
II. 

2 mismatches (7, 10) in several coccidia. 
1 mismatch (7 or 8) Theileria and Babesia spp. 
1 or 2 mismatches in various env. or uncultured organisms. 
100% uncultured marine eukaryote 

Nichols 2003 F CAATTGGAGGGCAAGTCTGGTGCCAGC 73.1 59 27 None 100% most Apicomplexans 
100% or 1 x 5’ mismatch most env and uncultured organisms 

 R* CCTTCCTATGTCTGGACCTGGTGAGT 63.6 54 26 None 100% or 1 middle-5’ mismatch with Coccidia and other 
apicomplexans. 
2 mismatches (5,23) Gymnodinium spp. & Ornithocercus spp. 
1 mismatch (5) Gyrodinium rubrum 
2 mismatches (4,5) Sistotrema spp. 
1+ mismatches various uncultured organisms. 

Johnson 1995 F AAGCTCGTAGTTGGATTTCTG 52.7 43 21 4 mismatches (13-16) C. xiaoi & C. 
bovis 
3 mismatches (13-15) C. ryanae 
2 mismatches (14,15) C. scrof. 
1 mismatch (19) W21 & Chipmunk 
II 

100% or 1 mismatch with most coccidia. 
100% Gymnodinium spp., Akashiwo sanguinea, Cochlodinium 
polykrikoides, Gyrodinium rubrum, Dinophyceae sp., 
Crypthecodinium sp., Ornithocercus spp. & various uncultured 
organisms. 
1 mismatch with various env. or uncultured organsisms 

 R* TAAGGTGCTGAAGGAGTAAGG 52.7 48 21 1 deletion (19) in W3 & W15 
1 mismatch in partial data for horse 
gt. 

None 

Coupe 2005 1F** CTGGTTGATCCTGCCAGTAG 54.4 55 20 None 100% with most other organisms 

 1R* TAAGGTGCTGAAGGAGTAAGG 52.7 48 21 1 deletion (19) in W3 & W15 
1 mismatch in partial data for horse 
gt. 

None 

 2F* CAGTTATAGTTTACTTGATAATC 42.1 26 23 None None 

 2R CAATACCCTACCGTCTAAAG 48.2 45 20 None 1 mismatch (5) Eimeria spp., Cyclospora spp., Theileria spp., 
Babesia spp. elektroscirrha, uncultured spp. 
2 mismatches Sarcocystis spp., Gymnodinium spp., various 
uncultured organisms 

Ryan 2005 1F GACATATCATTCAAGTTTCTGACC 53.4 38 24 1 mismatch (7) W21 
2 mismatches (4,7) Chipmunk II 

2-3 x 5’ mismatches most apicomplexans and various env. or 
uncultured organisms. 

 1R* CTGAAGGAGTAAGGAACAACC 51.9 48 21 Several spp. with 3’ mismatches 
inc. deletions (W17, W15, W3, 
Deer-mouse II, Chipmunk III)  

None 

 2F CCTATCAGCTTTAGACGGTAGG 53.9 50 22 None 1 mismatch (13) Eimeria spp., Cyclospora spp., Theileria spp., 
Babesia spp., Ophryocystis elektroscirrha, a few uncultured 
organisms. 
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2 mismatches (12,13) Gymnodinium spp., a few uncultured 
organisms 

 2R TCTAAGAATTTCACCTCTGACTG 51.9 39 23 1 x 3’ mismatch (19,20) in several 
species 

1 or 2 x 3’ mismatch (22,23) in most apicomplexans. 
2 mismatches (3,22) Gymnodinium spp., Ornithocercus spp., 
Crypthecodinium sp., Symbiodinium sp., Dinophyceae sp., 
various uncultured organisms  

Hashimoto 
2006 

1F&2F GCTCGTAGTTGGATTTCTGTTAA 54.3 39 23 Middle mismatches in xiaoi, bovis, 
ryanae, scrof. 
3’ mismatches in goose gts, gastric 
spp., W21 and Chipmunk gt II 

1 mismatch (22) Ornithocercus spp. and a couple of uncultured 
organisms. 

 1R* TAAGGTGCTGAAGGAGTAAGG 52.7 48 21 1 deletion (19) in W3 & W15 
1 mismatch in partial data for horse 
gt. 

None 

 2R* CCAATCTCTAGTTGGCATAG 48.8 45 20 1 deletion (12) W25 
2 deletions (2,3) Chipmunk III 
2 mismatches (4,5) W7 
1 mismatch (13) Goose II, baileyi, 
andersoni, muris, galli, avian III, 
serpentis 
1 mismatch (13) and 1 deletion (10) 

1 mismatch (13) Theileria spp., Babesia spp., Cochlodinium 
polykrikoides, some uncultured organisms. 
2 mismatches (3,13) most apicomplexans. 
2 mismatches (13,19) Ophryocystis elektroscirrha, Gymnodinium 
spp., Gyrodinium rubrum, Ornithocercus, spp., a few uncultured 
organisms. 

Xiao 2011 LC1F Primer sequences shared in confidence, 
sequences will be entered here once 
published 

52.5 31 26 Several spp. (5) 
Three spp.  (goose II, Deer-mouse II 
& III) partial data with mismatches 

Ornithocercus magnificus (24) 
Uncultured fungus (26) 
Several organisms with a couple of mis-matches at middle to 3’ 
end. 

 LC1R Primer sequences shared in confidence, 
sequences will be entered here once 
published 

51.5 45 22 2 mismatches (20,22) baileyi, avian 
I-III, andersoni, muris, galli, 
serpentis, tortoise gt, W21, 
chipmunk II 

2 mismatches (19,22) Toxo, Neo, Hammondia, Cystoisospora. 
2 mismatches (20,22) Theileria spp., Babesia spp., Gymnodinium 
spp., Cochlodinium polykrikoides, Gyrodinium rubrum, 
Ornithocercus spp., Symbiodinium sp., Dinophyceae sp., 
Crypthecodinium sp., various uncultured organisms.  

 LC2F Primer sequences shared in confidence, 
sequences will be entered here once 
published 

48.2 30 23 1 mismatch (1) canis, W20, W18, 
W5 
1 mismatch (16) xiaoi, bovis, 
ryanae, goose I & II, SW4 
1 mismatch (19) andersoni, muris, 
galli, avian III 
2 mismatches (16,19) scrofarum 
4 mismatches (1,5,17,19) W21, 
chipmunk II 

None 
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 LC2R Primer sequences shared in confidence, 
sequences will be entered here once 
published 

51.8 35 23 1 mismatch (16) W13, Deer-mouse 
I, W12, W8, SW5, SW3, rat I-III 
2 mismatches (15,16) canis, bear, 
seal 
2 mismatches (16,22) W7, W20, 
UKE2 

1 mismatch (16) most Coccidia, Hepatozoon catesbianae, some 
uncultured organisms 
1 mismatch (2) Ophryocystis elektroscirrha 

* - Limited Crypto data from alignment 

** - Limited data from all sequences 
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Table 15. A summary of the primers and their compatibility for real-time PCR and to each 

other. 

Potential 
primers & 
probe 

Sequence Tm (Pr. 
Express) 

Tm (Salt 
Adj.) 

BLAST Hair-pins Self-
dimers 

Cross-
dimers 

CRUSTN18SextF 
(Altered Ryan 
2F) 

5’-CATATCATTCAAGTTTCTGACCTATCAGCTTTA-3’ 62.8ºC 67.6ºC OK OK OK Some 
cross-
dimers 
occur 
but 
probably 
OK 

CRUSTN18SextR 
(Altered 
Johnson 2R) 

5’-GATTTCTCATAAGGTGCTGAAGGAGTAAGG-3’ 63.4ºC 69.2ºC OK OK OK 

CRUSTN18SintF  5’-TTGTAATTGGAATGAGTTAAGTA-3’ 
 

48.0ºC 
 

53.9ºC 
 

OK OK OK 

CRUSTN18SintR 
(Altered Ryan 
2R) 

5’-CTAAGAATTTCACCTCTGACT-3’ 
 

46.8ºC 
 

55.4ºC 
 

A few 
uncultured 
eukaryotes 

OK OK 

MGB Probe 
(Hadfield) 

TACGAGCTTTTTAACTGCAACAA 70.0ºC - Unspecific OK OK 

Primary = 775bp; Secondary = 393bp 

 

 

Figure 9. Amplification of the secondary ssu rRNA gene PCR using ABI master mix and 

annealing temperature of 45°C. 

 

Conclusion and further work 

From these initial experiments it appears that the ABI mix is not as sensitive as other mixes 

and although the HotStar mix is not designed for real-time PCR use, SensiMix II is sold for 

TaqMan assays. It would be worth re-testing these primers with the SensiMix II in an 

attempt to develop a working STN PCR assay. Whether additional sensitivity with these 

mixes comes at a cost to the specificity of the assay needs to be assessed. 
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2.3 Evaluation of a Toxoplasma genus-specific qPCR 

Introduction 

For Toxoplasma, a single species infects humans and it is estimated that one third of the 

global human population are infected. It is a lifelong infection with asymptomatic or flu like 

symptoms apart from immunocompromised (AIDS, transplant or cancer patients) and foetus 

(congenital toxoplasmosis) where resulting disease can have much more serious 

consequences. In addition, there are now strains of T. gondii present in Brazil which cause 

ocular toxoplasmosis in healthy humans of all ages (Khan et al., 2006, Vallochi et al., 2005, 

Vaudaux et al., 2010) which is another cause for public health concern. The significance of T. 

gondii infection has increased globally and it is now considered to cause the highest disease 

burden among food borne pathogens (Pereira et al., 2010, Karanis et al., 2013). There is also 

renewed interest in T. gondii as waterborne transmission to humans is more significant than 

previously  thought, as the oocysts can persist in the environment for long time periods and 

are resistant to water disinfectants (Villena et al., 2004) . A lack of prevalence data for raw 

and treated waters in Europe and worldwide (Karanis et al., 2013) reflects the lack of 

sensitive and reliable methods to recover and detect oocysts in large quantities of 

water(Jones and Dubey, 2010), where the presence of PCR inhibitors further complicates 

reliable method development. In addition, to the requirement to develop, optimise and 

validate reliable and sensitive assays for the detection of T. gondii, it would be extremely 

useful, from a public health perspective, if any assay developed could inform of the likely 

viability or infectivity of the oocysts detected.  

There are currently no agreed optimised methods for the recovery, processing and 

detection of Toxoplasma oocysts from water, but common methods include cartridge 

filtration to trap oocysts allowing filtering of large volume samples, of up to 1000 litres, 

followed by sucrose flotation, centrifugation and detection by real time PCR (Villena et al., 

2004, Karanis et al., 2013). Most commonly, the B1 and 529bp repeat element have been 

used as targets and generally the 529 bp repeat element has been found to be the most 

sensitive and specific for T. gondii (Yang et al., 2009, Homan et al., 2000) as it is repeated 

200-300 fold in the genome of T. gondii and it discriminates between DNA of T. gondii from 

that of other parasites (Homan et al., 2000, Kasper et al., 2009).  
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Here we describe an optimised method of extracting, processing and detecting T. gondii 

oocysts which we have then validated using samples provided by Scottish Water collected 

from public water supplies throughout Scotland. The 1427 samples analysed came from 147 

water plant locations and originated from a wide geographical area of Scotland including 

urban and rural supplies and several from the Islands. The samples were collected from a 

mix of raw and treated water supplies over a 16 week time period from 8th August 2013 

until 21st November 2013 (a total of 16 weeks). The samples were collected by Scottish 

Water for the routine testing for the presence of Cryptosporidium oocysts, which is a legal 

requirement for water providers to the public under the Scottish Water Directive (2003) Act 

(ScottishGovernment, 2003). The frequency of individual supply sampling depends on the 

perceived risk for that supply and varies according to the time of year and season. For 

example if calves or lambs are grazing in the catchment, then the risk is high and sampling 

frequency is increased. This resulted in a skew in the number of samples received from 

individual locations where Cryptosporidium risk was high and at different time points within 

the same location when risk was increased due to movement of animals, season of year and 

climatic events such as increased rainfall. 

Water sample collection for the routine testing of Cryptosporidium oocysts involves the 

extraction of an initial volume of 1000 litres from each supply, filtered through FiltaMax 

cartridges (IDEXX) followed by centrifugation and immuno-magnetic separation (IMS) to 

remove Cryptosporidium oocysts. The eluted post-IMS suspension remaining from this 

process was collected from Scottish Water and an adapted protocol developed to 

concentrate the oocysts and extract DNA, following which T. gondii DNA was detected using 

the 529bp real time PCR (Reischl et al., 2003) adapted to the available PCR-system 

(Opsteegh, 2011).  

In addition, the better established method using nested PCR targeting the ITS1 gene was 

used on a selection of the water samples to compare the performance of the 2 assays.  
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Methods 

Samples: Post-IMS samples (10ml) (previously described) were processed using a modified 

technique as follows: the samples were initially centrifuged at 2750 x g for 10 minutes, the 

supernatant discarded and 1ml 1xTE buffer added (100 mM Tris-HCl, 10 mM EDTA, pH8). 

The pellet was resuspended by vigorous vortexing (for 30 seconds) then re-centrifuged as 

above and the pellet resuspended in 200µl lysis buffer provided with NucleoSpin Tissue kits 

(Macherey-Nagel, NZ740952250). The sample was then subjected to 10x freeze / thaw 

cycles in liquid nitrogen.  

DNA Extraction: DNA was extracted using NucleoSpin Tissue DNA, RNA and protein 

purification kits (Macherey-Nagel, NZ740952250) following the manufacturer’s protocol 

with the following modifications: the samples were incubated with Proteinase K at 56°C 

overnight, the samples were vortexed vigorously after which an additional incubation was 

performed at 95°C for 10 minutes. Prior to the addition of ethanol, the samples were 

centrifuged at 11,000 x g for 5 mins to remove insoluble particles and the supernatant 

retained. Ultrapure water (100µl) was used to elute DNA. 

Real time PCR:  

Oligonucleotides:  All Tox-oligonucleotides used in this study (Tox-9F, Tox-11R and probe 

Tox-TP1 see Table 16) were described  previously (Opsteegh, 2011) and were 

complementary to the 529-bp repeat element (GenBank AF146527) producing a target 

amplicon of 164bp. 

Competitive internal amplification control (CIAC): Due to the high levels of inhibitors in 

environmental samples, CIAC was included as described in Opsteegh (2011). Primers CIAC-F 

and CIAC-R produced CIAC amplicons of 188bp (Opsteegh, 2011) and CIAC probe was used 

for detection as also described in Opsteegh (2011). CIAC primers and probe sequences are 

included in Table 16. CIAC was optimised at a concentration of 0.0075fg/µl. At this 

concentration, CIAC did not inhibit amplification of T. gondii DNA but was PCR positive for T. 

gondii negative samples, unless inhibitors in the DNA sample were present in high 

concentrations. In these cases, the PCR was repeated using 2µl template instead of the 
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standard 5µl. If the CIAC PCR remained negative, then the sample was designated 

uninterpretable.  

Table 16: Oligonucleotide sequence information for all primers and probes used in the 

529bp qPCR for the detection of T. gondii. *position of sequence on GenBank AF146527 

Primer/probe  Sequence 5' - 3' *Position 5' label 3' label 

Tox-9F AGG AGA GAT ATC AGG ACT GTA G 243-264   

Tox-11R GCG TCG TCT CGT CTA GAT CG 386-405   

Tox-TP1 CCG GCT TGG CTG CTT TTC CT 338-357 6-FAM BHQ1 

CIAC-F AGG AGA GAT ATC AGG ACT GTA GCC AGC CCG 
CAT CACT 

NA   

CIAC-R GCG TCG TCT CGT CTA GAT CGA TCT GTA AAG 
TTA ACA GATG 

NA   

CIAC-probe AGC GTA CCA ACA AGT AAT TCT GTA TCG ATG NA JOE BHQ1 

 

Bovine serum albumin (BSA): 8µg/µl BSA was included in the PCR mix after optimisation to 

maximise the reduction of inhibition but to minimise inhibition of the PCR.  

PCR: Initial PCR reactions were performed in single wells and were set up in 96 well plates as 

follows:  8µg/µl BSA and 1.2µl LightCycler Probes Master (2X) (Roche, 4707494001) was 

added to 0.7µM Tox-9F and 0.7µM Tox-11R primers, 0.1µM Tox-TP1 probe and 0.2 µM CIAC 

probe, to which 1µl 0.0075µg/µl CIAC and 5µl DNA template was added to give a total 

reaction mixture of 20µl. The PCR amplification was performed in a LightCycler 480 (Roche) 

thermal cycler with an initial incubation at 95°C for 10 min, followed by 45 cycles at: 95°C 

10s, 58°C 20s and 72°C 20s, with a final cooling step at 40°C 5s. Fluorescence was measured 

in the 465-510nm channel (Tox probe) and 533-580nm (CIAC probe) after each amplification 

cycle. Samples which were positive for T. gondii were repeated in duplicate and the mean 

qPCR result recorded. 

PCR standards: A standard series (T. gondii tachyzoite DNA) was included on each run to 

enable calculation of the standard curve and all sample Cp values were calculated or 

extrapolated from this. The standard dilutions used are shown in Table 17. Further dilutions 

(to 5fg) were used to establish the sensitivity of the qPCR, which consistently detected to 

50fg but no lower.   
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Table 17. Concentrations of standards used to produce the standard curve for the qPCR 

Standard concentrations 

400pg/µl 

40pg/µl 

4pg/µl 

400fg/µl 

200fg/µl 

100fg/µl 

50fg/µl 

 

All samples showing a smooth exponential amplification curve when compared to the 

standards were scored as positive and all samples without, but which were CIAC positive, 

were scored negative. Estimation of PCR efficiency using the standard curve yielded 

efficiencies > 1.67 and errors < 0.08.  

PCR Controls: The standards were used as positive controls and CIAC negative controls were 

included in each row of the 96 well plate using dH2O instead of DNA template.  

529 bp qPCR assay performance calculations: 

Specificity: Representative DNA samples positive for Cryptosporidium (n=3) by 18S nested 

PCR and Neospora caninum (n=3) by ITS1 nested PCR, were tested in triplicate for T. gondii 

using the 529bp qPCR to see if there was random amplification by the qPCR. 

Accuracy: The mean of the repeated results (n=16) from the 400pg/µl standard (standards 

were run on each plate) was used to estimate assay accuracy between plates.  

Repeatability and reproducibility: These were calculated using a Bayesian Markov chain 

Monte Carlo (MCMC) algorithms approach due to the complex error structure modelled and 

to different outcomes having different error distributions (Giles Innocent, BIOSS).  
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ITS1 nested PCR: This assay has been established as a sensitive and specific PCR for the 

detection of T. gondii (Burrells et al., 2013) and was used here to confirm the positive qPCR 

results. A comparison between the sensitivities and specificities of the two assays was 

carried out by BIOSS (Giles Innocent) using a logistic regression model.  

Sequencing: Further confirmation was acquired by sending the purified PCR products from 6 

samples, which had the highest qPCR quantitative values, for sequencing. 

Results 

CIAC PCR: Using 5µl DNA template resulted in 145 samples negative for both T. gondii and 

CIAC (a 10.16% inhibition rate). When these samples were repeated using 2µl DNA 

template, only 16 remained negative and were therefore deemed uninterpretable, giving an 

uninterpretable sample rate of 1.12%. These samples were excluded from further analysis. 

PCR results: Of the 1411 interpretable samples analysed, 124 samples recorded at least one 

positive qPCR result, giving an overall positive rate of 8.79%. Any sample giving a positive 

result was repeated in duplicate, the mean calculated from the triplicate results. All values 

below 50fg (lowest standard) were extrapolated. From 124 positive samples, 93 were 

extrapolated values and 31 were actual values.  

529bp qPCR assay performance:  

Specificity: All 6 samples, tested in triplicate, were positive for either Cryptosporidium or N. 

caninum and were negative for T. gondii using the 529bp qPCR. Using this data the 

specificity of the assay was 1 with 95% CI (0.69-1.00).  

Accuracy: Results from the 400pg/µl standard repeated measurement was 400.87±19.41 

pg/µl or 4.75%   

Repeatability and reproducibility: Repeatability was calculated at 37.77% and 

reproducibility at 38.88% as shown in Table 18. 
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Table 18. Results of the Bayesian MCMC model showing posterior values of variation 

within and between plates for 529 bp qPCR used for the detection of T. gondii in water 

samples 

Parameter Mean Median 95% Credible interval 

Global mean 

SD of log-normal 

SD within plate 

SD between plates 

  2.10 

  2.10 

37.77 

  1.11 

  2.13 

  2.07 

37.67 

  0.47 

  1.17 -   2.83 

  1.55 -   2.83 

33.90 - 42.17 

  0.031 -   5.55 

 

The 529bp qPCR assay performance results are summarised in table 19. 

Table 19. Summary of the 529bp qPCR performance characteristics when used to detect T. 

gondii in 1427 water samples. * Repeatability and reproducibility are quoted as % as both 

within plate and between plate variability was constant across all values of qPCR result 

Targeted  

gene  

Specificity  Accuracy  Repeatability 

*  

Reproducibility 

*  

Sensitivity 

(fg/µl)  

529bp 

repeat 

element  

1  ± 4.75%  SD ± 37 fg/µl  SD ± 38 fg/µl 50  

 

ITS1 nested PCR results: 62 of 124 qPCR Toxoplasma positive results were confirmed 

positive by the ITS1 nested PCR. Generally these were the higher qPCR results but there was 

some variability in that several low qPCR results were ITS1 positive. In addition, 59 samples 

tested negative by qPCR were confirmed negative by ITS1 nested PCR.  
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A two sample T-Test (minitab) illustrated a significant difference in mean T. gondii DNA 

concentration for samples which were qPCR positive then subsequently negative for ITS1 

compared with those which were subsequently positive for ITS1 (Figure 10).  

Sequencing: All samples sent for sequencing (MWG Operon) were confirmed as T. gondii 

with high identity (99-100%) and query cover (100%) with chromatographs illustrating high 

quality sequences.   
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Figure 10: Two sample T-test (Minitab 15) comparing qPCR and ITS1 results for the 

detection of T. gondii in water samples (n=124) collected from Scottish public water 

supplies. ITS1 = 1 lane positive out of triplicate sample; its2 = 2 lanes positive and its3 = all 

lanes positive. 

 

Discussion 

Optimising the methods used for the processing of water samples and DNA extraction were 

deemed essential as during previous experiments involving spiked water samples with 
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known quantities of T. gondii oocysts, negative results were obtained using both ITS1 nested 

PCR and 529bp qPCR. When the methods were adapted as described in the results section, 

T. gondii DNA was detected using the above methods and these adapted protocols were 

then validated in a large scale analysis of water samples.  

Incorporation of an internal amplification control was also considered essential as results 

during this study showed that even with the addition of BSA, over 10% of samples initially 

contained inhibitors. This was comparable to another study where an inhibition rate of 

10.5% was recorded (Villena et al., 2004). The inhibition rate reported in the current study 

was considered too high to be acceptable for a detection method to be used in the field 

where the accuracy of the result obtained is paramount. For the samples which showed PCR 

inhibition in the current study, a reduction in the concentration of the DNA template from 

5µl to 2µl was used which reduced the inhibition rate to an acceptable 1%. 

The 529bp qPCR assay performance characteristics calculated from the analysis of the 1427 

Scottish Water field samples (Table 19) indicate that this assay is highly sensitive and 

specific. The ability of the assay to accurately detect down to 50fg of DNA from oocysts 

extracted from water samples indicates that it is a very useful technique for the detection of 

T. gondii in water samples. Previous reports of the detection limit of this assay were even 

lower, for example 16fg (Opsteegh, 2011) and 20fg (Reischl et al., 2003) but this was 

achieved using DNA extracted from tachyzoites in tissue samples.  

Although not tested with large scale screening of DNA from other sources, the specificity 

obtained in this trial was satisfactory and is likely to be high anyway due to the use of 70bp 

capture oligonucleotides. In addition, the 529bp repeat element is absent in DNA from 

human, mouse, Echinococcus granulosus, Giardia duodenalis, Plasmodium falciparum, 

Sarcocyctis spp., Trichinella spiralis, Trichomonas vulgaris and Neospora caninum (Homan et 

al., 2000).  

The between plate variation (assay reproducibility) was very low, particularly as this was 

performed by two different people and the within plate variation (repeatability) was also 

acceptable, which are important aspects of any detection method and particularly one 

which as sensitive as this. 
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Initially sequencing some of the PCR products and re analysing some of the samples using 

the more established ITS1 nested PCR was used to confirm the accuracy of the qPCR assay. 

However, as all of the qPCR positive samples (n=124) were reanalysed using the ITS1 assay 

along with 59 negative ones, it was decided to do a statistical comparison of the assays to 

look at the level of agreement between them. The results indicated that the qPCR was the 

more sensitive of the 2 assays as 62 of the 124 samples positive by qPCR were negative by 

the nested PCR. There was a statistically significant relationship between DNA concentration 

as measured by qPCR and the number of triplicate lanes which were positive using the 

nested PCR. 

In conclusion, the optimisation of sample processing, DNA extraction techniques and 529bp 

qPCR have resulted in the development of a highly sensitive and specific assay for the 

detection of T. gondii in water samples. Furthermore, the low variation obtained within and 

between PCR plates when the methods were applied to 1427 water samples collected from 

public water supplies suggest that this assay shows high repeatability and reproducibility 

and is sufficiently robust for field application. 

 

Section 3. MOLECULAR TOOLS FOR INFECTIVITY AND VIABILITY OF TOXOPLASMA GONDII 

To enable work to begin on a T. gondii oocyst viability assay,  2 cats were successfully 

infected with 100 T. gondii tissue cysts according to Home Office regulations and the 

Moredun Experiments & Ethical Review Committee, in order to produce fresh supplies of 

oocysts for viability comparisons with older batches previously obtained at Moredun. Three 

batches of oocysts, as described in table 20 were then inoculated into mice using 3 different 

doses and clinical signs of toxoplasmosis noted. ITS1 nested PCR using DNA extracted from 

brains from the mice confirmed the clinical signs results. 
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Table 20: Results showing the numbers of mice showing clinical signs of toxoplasmosis having been 

inoculated with 3 different doses from 3 different batches of T. gondii oocysts    

Oocyst batch  No. +ve mice 10 

oocysts/mouse  

No. +ve mice 100 

oocysts/mouse  

No. +ve mice 1000 

oocysts/mouse  

1. Fresh and sporulated  2/3  3/3  3/3  

2. Fresh but unsporulated  0/3  0/3  0/3  

3. 2 years old/ partially 

sporulated  

0/3  1/3  3/3  

 

The results of the infectivity experiment with mice (Table 20) indicated that the batch 1 

oocysts were highly infective, batch 2 was non-infective and batch 3 was partially infective. 

Oocyst counts using a haemocytometer showed batch 1 contained 3 x 104 /ml; batch 2 had 2 

x 10 6 /ml and batch 3 had 2 x 105 /ml. Stocks of all oocysts with known infectivity were then 

stored at either -20oC for reference material or at -80oC in tri-reagent prior to RNA 

extraction and reverse transcriptase (RT) PCR. Ten freeze/thaw cycles were performed on 

samples from all 3 batches of oocysts, following which RNA was extracted using Direct-zolTM 

RNA Mini-prep (R2054, Zymo Research) as per manufacturer’s protocol. Measurement by 

nanodrop spectrophotometry showed low yields of RNA so this step was repeated and 

although results were only marginally higher, cDNA synthesis was performed using High-

Capacity cDNA Reverse Transcriptase kits (4368813, Applied Biosystems) as per 

manufacturer’s protocol. RT-qPCR using SYBR Green (4385610, Applied Biosystems) was 

used to detect cDNA targeting the SporoSAG gene. Primer sequences and the protocol 

followed were previously published (Villegas et al., 2010).  Actin was used as a control gene 

as it is expressed in both sporulated (potentially viable) and unsporulated (non viable) 

oocysts.  

SporoSAG was not detected in any of the oocyst batches tested including the fresh, 

sporulated batch. Actin was positive indicating the technique had worked but was not a 

sensitive enough method for the detection of viable oocysts. Previous studies detected very 
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low levels of SporoSAG from 10⁷ oocysts (here 10⁴ to 105 was used) which suggests that the 

SporoSAG assay will not be suitable for the low numbers of oocysts likely to be extracted 

from water samples.  There are currently no genes identified as suitable targets for assays to 

detect viable T. gondii oocysts in water samples due to the low concentrations they are 

likely to be present in. However, reference stocks of the oocyst batches of known viability 

are available if any such target genes are identified in the future. 
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Appendices 

Table A1. Common genetic targets and approaches for the detection (genus) and typing (species, genotype) of 

Cryptosporidium 

 

Locus  Comments on locus Platform/format Reference(s) PCR 
product 
size (bp) 

Comments on real time assay potential 

SSU  
 
 
 

Can detect and type all 
species and genotypes 
by sequencing 

Conventional nested 
PCR-RFLP, or PCR-
Sequencing 
 

Xiao/ Jiang 
(2005) 

830 2°primers could amplify real time product, use existing 
probe for detection, 800bp then available for 
sequencing. Design species specific probes for source 
tracking? 

TaqMan MGB probe-
based PCR 
 

Hadfield (2011) 300 Utility with environmental samples (non-
cryptosporidium cross reactions). 

Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 
(DIAGF/DIAGR) 

Johnson (1995) 
Wang (2004) 

435 Need to look at in silico work to check for utility as 
detection assay (non-cryptosporidium cross reactions). 

LightCycler  
(Hybprobe) 
Separates C. andersoni 
from C. hominis, C. 
parvum and C. 
meleagridis. 

Xiao et al, LC2 
(RFP4179) 

292 Restricted utility (requires Lightcycler). Some 
mismatches in alignment with Cryptosporidium spp. 
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Rotorgene (EvaGreen) 
melt curve analysis 
Separates C. andersoni 
from C. hominis, C. 
parvum and C. 
meleagridis. 

Xiao et al, LC2 
(RFP4179) 

292 Probe would be preferable over MCA, could be 
designed. Some mismatches in alignment with 
Cryptosporidium spp. 

Rotorgene (EvaGreen) 
high resolution (HRM) 
melt curve analysis 
Separates C. hominis, C. 
parvum and C. 
meleagridis from each 
other. 

Xiao et al, LC2 
(RFP4179) 

292 Probe would be preferable over MCA, could be 
designed. Some mismatches in alignment with 
Cryptosporidium spp. 

TaqMan MGB probe-
based PCR 
Separates C. hominis 
(+C. cuniculus) and C. 
parvum from each 
other. 

Mary (2013) 178 Need to look at in silico work to check for utility as 
detection assay. More specificity data needed, concerns 
over non-cryptosporidium cross reactions which may be 
undetected by probe but would render detection and 
identification by sequencing and problematic. 

HSP70  
 

Can detect and type all 
species and genotypes 
by sequencing 

Conventional PCR and 
PCR-Sequencing 

Morgan (2001)  Probe and real time product design possible?  

Rotorgene high 
resolution (HRM) melt 
curve analysis 
Detects C. hominis, C. 
parvum and C. 
meleagridis and not 
animal associated 
species 

DiGiovanni, 
(RFP4284) 

 Relies on large sequence differences between 3 human 
pathogens and animal species. Closer species may cross 
react?  
Need to look at in silico work to check for utility as 
detection assay. 

Conventional-PCR, then 
labelling prior to 
microarray 

Wang (2004) 
LeChevallier 
(2003) 

346 Need to look at in silico work to check for utility as 
detection assay. 
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Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

LIB13 
 

 Real time melt curve 
analysis assay 
Separates C. hominis 
from C. parvum 

Tanriverdi 
(2003) 

160 Probe as for Hadfield et al (2011) 

LIB13 
 

 Taqman assay 
Separates C. hominis 
from C. parvum 

Hadfield (2011) 169  

A135 
 

 PCR-RFLP/sequencing 
Separates C. hominis, C. 
parvum, C. meleagridis, 
C. ubiquitum, C. canis, 
C. muris, C. cuniculus, 
C. viatorum and C. 
andersoni from each 
other 

Tosini (2010) 576 Sequence conserved within spp. variable between 
species. No non-cryptosporidium spp. BLAST hits. 

TaqMan MGB probe-
based detects C. 
hominis only 

(CRU) 126 Pan genus assay based on Tosini (2010) as above 
possible. 

Actin 
 

Can detect and type all 
species and genotypes 
by sequencing 

Conventional PCR and 
PCR-Sequencing 

Ng (2006)  Probe and real time product design possible? 

TaqMan MGB probe-
based PCR 
Separates C. parvum 
from other species 

Homem (2012) 73 No mention of C. hominis and eludes to need for 
checking with other species. 
Need to look at in silico work to check for utility as 
detection assay. 

HSP90 
 
 

 LightCycler Hybprobe, 
Separates C. hominis, C. 
parvum and C. 
meleagridis from each 
other 

Xiao 
(WRF4179) 

207 Restricted utility (requires Lightcycler) 
Probe design possible. 
Lack of sequence data available for other 
species/genera at this locus. 
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Conventional PCR-
RFLP/sequencing 

Feng (2009)  676 Need to look at in silico work to check for utility as 
detection assay. Probe and real time product design 
possible? 

COWP 
 
 

Can detect and type 
most, but not all 
species and genotypes 
by sequencing 
 
 

Real-time PCR, MGB 
probes Specific for C. 
parvum and C. hominis.  

Morgan et al., 
(1997)  
Yang et al., 
(2013) 

 Is there potential for adaption to also detect C. 
cuniculus and C. meleagridis? 
 

TaqMan MGB probe-
based PCR(P702) 
Separates  C. hominis, 
C. parvum, C. wrairi  
and C. meleagridis from 
other species 

Guy (2003) 151 Need to look at in silico work to check for utility as 
detection assay. 

Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

Wang (2004)  
Laberge (1996) 

358 Need to look at in silico work to check for utility as 
detection assay. 

TaqMan MGB probe-
based PCR 
Separates  C. hominis, 
C. parvum and C. 
meleagridis from other 
species 

Haque (2007) 151 ?Could detect other species or differentiate between 
the three pathogenic species with extra probes, ? C. 
cuniculus detection/diff could be investigated. Need to 
look at in silico work to check for utility as detection 
assay. 

DHFR 
 

 Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

Perz & LeBlanc 
(2001) 
Wang (2004) 

359 Need to look at in silico work to check for utility as 
detection assay. Probe and real time product design 
possible? 
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Ptg (Poly 
threonine 
glycoprotein) 
 

 Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

Perz & LeBlanc 
(2001) 
Wang (2004) 

496 Need to look at in silico work to check for utility as 
detection assay. Probe and real time product design 
possible? 
 

RAPD  
 

 Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

Wu (2000) 
Wang (2004) 

433 Need to look at in silico work to check for utility as 
detection assay. Probe and real time product design 
possible? 
 

TRAPC2 
 

 Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

Wang (2004) 369 Need to look at in silico work to check for utility as 
detection assay. Probe and real time product design 
possible? 
 

P23 
 

 Conventional-PCR, then 
labelling prior to 
microarray 
Detects C. parvum and 
C. hominis, maybe C. 
meleagridis. 

Sturbaum 
(2003) 
Wang (2004) 

549 Need to look at in silico work to check for utility as 
detection assay. Probe and real time product design 
possible? 
 

LAXER  
 

(DNAJ homologue) Taqman assay 
Detects C. hominis, C. 
parvum and C. 
meleagridis and not 
C.felis, C. baileyi, C. 
muris, C. andersoni  

Fontaine & 
Guillot (2002) 

452/138 Need to look at in silico work to check for utility as 
detection assay. 
Has potential, need to look carefully at the probe 
specificity with environmental samples. 
 

TRAPC1 
 

  PCR-RFLP/Sequencing 
Separates C. hominis 
from C. parvum. 

Spano (1998) 506 Need to look at in silico work to check for utility as 
detection assay (expand panel). Probe and real time 
product design possible? 
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C-type Lectin 
protein 
 

 TaqMan MGB probe-
based PCR Assay 
detects C. hominis and 
C. parvum using the 
same primers, 
differentiates with 
species-specific probes. 

Yang (2013) 150 Need to look at in silico work to check for utility as 
detection assay (expand panel). Probe and real time 
product design possible? 

Β-tubulin  Melt curve analysis 
Detection of C. parvum 

Zhang (2013)  Need to look at in silico work to check for utility as 
detection assay (expand panel). Probe design possible? 

ML2 (MIC1)  Real time PCR then 
Luminex 
Differentiates between 
C. hominis and C. 
parvum 

Bandyopadhyay 
(2007) 
Webber (2013) 

 Sequence data available for C. hominis, C. parvum, C. 
meleagridis and C. canis. Need further sequence data. 
Need to look at in silico work to check for utility as 
detection assay (expand panel). Probe and real time 
product design for detection of C. hominis, C. parvum, 
and C. meleagridis possible? 

U1snr  Conventional PCR then 
Luminex 
C. parvum specific 
differentiation from 
animal species 

Li (2010) 424 Very little sequence data but Cp primers and probe 
available. Could test against C. hominis and C. 
meleagridis. Limited specificity work done. 
Potential new locus. 

CP2  Real time PCR then 
RFLP 

Cheun (2013) 
Lee (2008) 
Webber (2013) 

224 Primers for C. hominis and C. parvum. Alignment shows 
110bp region here detection probe for these two 
species possible. Need to look at in silico work to check 
for utility as detection assay (expand panel). Potential 
new locus. 
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Table A2 Common genetic targets and approaches for the detection (genus) and typing (assemblage) of Giardia 

duodenalis isolates. 

Locus  Platform/format Reference(s) PCR product 
size (bp) 

Comments 

SSU rDNA 
(detection)  
 

Taqman probe  
 

Verweij et al 2004 JCM 42 63 Very short, cannot differentiate between assemblages 
Predicted amplification of non-Giardia genera. 

Taqman probe  Verweij (2004) 
Haque et al AJTMH 2007 76 

63 Very short, cannot differentiate between assemblages 
Predicted amplification of non-Giardia genera. 

Taqman probe  Verweij (2004) 
Yu et al 2009 Ecotox 18 

63 Very short, cannot differentiate between assemblages 
Predicted amplification of non-Giardia genera. 

Taqman probe 
Biotinylated primer 
(Luminex) 

Verweij (2004) 
Taniuchi et al 2011 AJTMH 
84:2 

63 Very short, cannot differentiate between assemblages 
Predicted amplification of non-Giardia genera. 
103 cysts detected i-cycler (PCR) and Luminex. 

Taqman probe 
(Rotorgene) 

Verweij (2004) 
Nazeer et al 2013 PR 112 

63 Very short, cannot differentiate between assemblages 
Predicted amplification of non-Giardia genera. 

Dual probe capture 
assay 
Genus specific 

Stroup et al 2012 MCP  101 Potentially useful, some differentiation possible between 
assemblages. 

BHQ probe 
(rotorgene) 

Hopkins et al (1997) 
Prasertbun et al (2012) 
TMH 40 

292 Potentially useful, some differentiation possible between 
assemblages. 

Conventional PCR 
Assemblages A&B 
only 

Van Keulen (2002) 303 Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

SSU rDNA 
(typing)  
 

Conventional PCR + 
sequencing 
(Ass A & B only) 

Read et al 2002 IJP 32 173 Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Conventional PCR + 
sequencing 
(Ass A & B) 

Breathnach et al 2010 E&I 
138:10 
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Conventional PCR + 
sequencing 
 

Gomez-Munoz et al 2012 
RVS 93 

 Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Conventional PCR + 
sequencing  
 

Berrelli et al 2004 VP 122  Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Conventional PCR + 
sequencing  
 

Papini et al 2007 PR 100  Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Taqman probe (ABI 
7000) Detection 
assay 

Verweij (2004) 
Calderaro et al 2010 DMID 
66 

 Very short, cannot differentiate between assemblages 
Predicted amplification of non-Giardia genera. 

Conventional PCR + 
sequencing 

Beck et al 2011 VP 175  Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Conventional PCR + 
sequencing 

Leonhard et al 2007 VP 150  Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Scorpion probe real-
time PCR:F primers 
assemblage specific, 
R common to A+B 

Ng et al 2005 JCM 43  Potentially useful 

Β-giardin 
(detection) 

Taqman probe rt 
PCR  (ABI 7300) 
(Ass A & B only) 

Baque et al 2011 WR 45 142 Potentially useful, could design a modified probe for detection. 

Taqman probe  
Genus specific 
(P241 ) 

Guy et al 2003 AEM 69 
Guy et al 2004 JCM 42 

74 
263 

Differentiation possible between assemblages. Could design a 
modified probe for detection. 

Β-giardin 
(typing) 

Conventional PCR + 
sequencing 

Bonhomme et al 2011 PI 60   

Conventional PCR + 
sequencing 

Lalle et al 2005 IJP 35 511 Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 
Incorporate primers from Mahbubani et al (1992).  

Taqman probe 
(P434) 

Guy et al 2003 AEM 69 
Guy et al 2004 JCM 42 
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 (Ass A & B 
separately) 

Conventional PCR + 
sequencing 

Beck et al 2011 VP 175   

Conventional PCR + 
sequencing 

Caccio et al (2002) IJP  Potentially useful, some differentiation possible between 
assemblages. Could design a real time assay and probe. 

Conventional PCR 
 

Mahmoudi et al 2013 
TRSTHM 107 

  

gdh  
(detection) 
 
 

Real-time PCR melt 
curve analysis 

Almeida et al 2010 AEM 76   

Conventional PCR + 
sequencing 

Beck et al 2011 VP 175  Potentially useful, could design a probe for detection. 

gdh (typing) Conventional PCR + 
sequencing 

Leonhard et al 2007 VP 150  Potentially useful, could design a probe for detection. 

Conventional PCR + 
sequencing  
 

Sulaiman et al 2003 EID 
9:11 

 Potentially useful, could design a probe for detection. 

tpi (typing) Taqman probe rt 
PCR (Rotorgene) 

Elwin et al 2013    

Conventional PCR + 
sequencing 
1° PCR all 
assemblages, 2° 
assemblage specific 
primers 

Lebbad et al 2011 PLoS 5:8   

Conventional PCR + 
sequencing 
(Ass A & B only) 

Geurden et al 2009 P 136   

Conventional PCR 
(band size) 
(Ass A & B) 
Conventional PCR + 
RFLP/ Sequencing 

(Amar et al 2002)   
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A from B and also 
within A 

Conventional PCR + 
sequencing 
 

Geurden et al 2008 IJP 38   

Taqman probe rt 
PCR  (ABI 7300) 
(Ass A & B 
separately) 
Conventional PCR + 
sequencing (E) 

Bertrand and Schwartzbrod 
2007 WR 41 

  

Real-time PCR melt 
curve analysis 

Almeida et al 2010 AEM 76   
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Table A3. Cryptosporidium, Giardia and other DNA used for testing analytical sensitivity 

 

SPECIES/ SUBTYPE CRYPTOSPORIDIUM ASSAYS GIARDIA ASSAYS 

C. hominis (Ch8) IaA14R3  Y 

C. hominis IaA15R3 Y  

C. hominis IaA20R3 Y  

C. hominis IbA9G3 Y  

C. hominis IbA10G2 Y  

C. hominis IdA16 Y  

C. hominis IdA25 Y  

C. hominis IeA11G3T3 Y  

C. hominis IfA12G1 Y  

C. parvum (Cp8)   Y 

C. parvum IIaA15G2R1 Y  

C. parvum IIaA17G1R1 Y  

C. parvum IIaA19G1R1 Y  

C. parvum IIcA5G3 Y  

C. parvum IIdA18G1 Y  

C. parvum IIdA22G1 Y  

C. parvum IIdA20G1 Y  

C. parvum Moredun IIaA17G1R1 Y Y 

C. cuniculus VaA18 Y Y 

C. cuniculus VaA9 Y  

C. cuniculus VbA37 Y Y 

C. cuniculus VbA30 Y  

C. meleagridis SSU gt1  Y Y 

C. meleagridis SSU gt2  Y  

C. ubiquitum Y Y 
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C. viatorum  XIVaA3a Y Y 

C.  felis Y Y 

C.  varani Y Y 

C.  xiaoi Y Y 

Cryptosporidium Horse gt Y Y 

Cryptosporidium Skunk gt Y Y 

C. andersoni Y Y 

C. baileyi Y Y 

C. bovis Y Y 

C. canis Y Y 

Cryptosporidium Chipmunk gt1 Y Y 

C. ryanae Y Y 

Giardia duodenalis A Y Y 

Giardia duodenalis B Y Y 

Giardia duodenalis E Y Y 

Giardia duodenalis C Y Y 

Eimeria tenella Y Y 

Eimeria acervulina Y Y 

Cyclospora cayetanensis Y Y 

Toxoplasma gondii Y Y 

Neospora caninum Y Y 

Homo sapiens Y Y 

 

 


