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Abstract 
 
 

Cryptosporidium parvum, a coccidian parasite in the phylum Apicomplexa, is the 

second leading infectious agent responsible for causing diarrhea in children younger than 

five years old in resource-limited countries. It also causes disease in calves and other 

mammals and is a major cause of economic loss in agriculturally important livestock 

species. There are currently no consistently effective parasite-specific pharmaceuticals 

available for treating or preventing the infection besides a P23 vaccine.  Therefore, 

Cryptosporidium parvum was genetically modified by others to express the Luciferase gene 

to help researchers rapidly and efficiently test multiple potential anti-cryptosporidial drugs 

and therapies. These genetically modified organisms are also aiding in the study of gene 

expression, with the ability to identify the slightest changes in transcription, and the role(s) 

of genes thought to be involved in pathogenesis. In the present study the Luciferase 

Cryptosporidium parvum (Nluc-Cp) or Wild type Iowa strain Cryptosporidium parvum (WT-

Cp) were used to infect Holstein bull calves to determine the level of propagation and 

recoverability of each after isolation procedures. It was hypothesized that the propagation 

and isolation of Nluc-Cp versus WT-Cp in neonatal calves would be the same. It was found 

that the Nluc-Cp calves were healthier and propagated fewer oocysts than WT-Cp. 

Further, Nluc-Cp proved difficult to isolate based on the self-adherent nature of the oocysts 

which resulted in clumping and reduced recovery.  
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Introduction 

Cryptosporidium parvum is a zoonotic parasite that causes gastroenteritis in humans, 

calves and other livestock. Cryptosporidium parvum (C. parvum) can cause serious illness in 

immunocompetent hosts, but can cause severe, life-threatening, persistent disease in 

immunocompromised hosts.1 Globally, one in ten deaths in children result from various agents 

causing diarrheal disease during the first five years of life, resulting in approximately 800,000 

fatalities worldwide annually, most occurring in sub-Saharan Africa and south Asia.2 Symptoms 

of cryptosporidiosis, the disease caused by infection with C. parvum or C. hominis, are acute, 

watery, and non-bloody diarrhea, with C.hominis being the most common species in human 

infection.1 In immunocompromised patients the parasite can cause excretion of upwards of ten to 

fifteen liters of diarrhea per day causing severe dehydration which may lead to death.2  

There are currently no effective treatments for this parasite and trying to prevent infection 

has proved very difficult.3 Not only does C. parvum cause losses to the cattle industry, but 

infected animals can also contaminate water supplies, leading to infection in other livestock and 

people. C. hominis caused the largest water borne human disease outbreak ever documented in 

the United States in 1993,  sickening approximately 403,000 people in Milwaukee, Wisconsin.5 

C. parvum infection starts with ingestion of environmentally resistant oocysts, which 

excyst within the intestinal tract and release four infectious sporozoites per oocyst. Attachment 

of sporozoites to mucosal epithelial cells and subsequent invasion lead to formation of the 

parsitophorous vacuole and development of the trophozoite.19,20 Two stages of merogony 

(asexual reproduction) follow. Type I merozoites continue the asexual cycle indefinitely in the 

absence of immune responses, or develop into type II merozoites, leading to production of 

microgametocytes and macrogametocytes (sexual stages).19,20 Fusion of these reproductive forms 
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produces a zygote, further differentiating into an oocyst.19,20 There are two types of oocysts 

produced. Thick-walled oocysts are released into the environment, whereas thin-walled oocysts 

rupture within the intestine, releasing sporozoites and re-infecting adjacent epithelial cells.21 This 

phenomenon may cause prolonged or continual treatment to eliminate all C. parvum life stages.22  

Many challenges have arisen in treating and preventing C. parvum infection due to the 

small size of the oocyst (~4-5 µm), low infection dose, and resistance to chemicals, temperature 

extremes and anti-parasitic compounds.6 Cryptosporidium oocyst walls have a rigid bilayer of 

acid-fast lipids and inner layer of wall proteins making the parasite difficult to kill. It is resistant 

to all environmentally compatible  levels of chlorine, and survives twenty-four hours at 1000 mg 

per liter of free chlorine.6 C. parvum is also an obligate intracellular pathogen, and can survive in 

temperatures as low as twenty-two degrees Celsius and 6.8-8.8 pH levels.4,6 Nitazoxanide is the 

only FDA-approved drug for treating cryptosporidiosis in humans, but has been shown to have 

only marginal efficacy in humans and no or variable therapeutic or prophylactic efficacy against 

C. parvum in calves.7,10,11,12 Treatment with nitazoxanide actually prolonged and exacerbated 

diarrhea in some Cryptosporidium infected calves.11 In humans, it was shown in a randomized 

trial to reduce the duration of cryptosporidial diarrhea by only two days out of seven to ten days 

in immunocompetent individuals.13 However, nitazoxanide has no efficacy in 

immunocompromised humans and is associated with an unacceptably high relapse rate.14 

Further, the mechanism of action of nitazoxanide against Cryptosporidium is unknown and it is 

speculated that it may act via a non-specific immunomodulatory effect.15,16 In malnourished 

children, a survival advantage was shown with nitazoxanide treatment, but the response rate was 

poor.15,17 Randomized trials also show no benefit with nitazoxanide treatment in AIDS 

patients.17,18 Another drug alternate, paromomycin, proved to only be effective in human 
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ileocecal adenocarcinoma cells (HCT-8) cells, mice, and calves.7 When evaluated in humans, it 

proved ineffective against C. parvum. Current treatment thus relies on fluid therapy and 

medication to ease pain, fever or discomfort.8,9 More effective parasite-specific drugs are needed 

for treating cryptosporidiosis in both animals and humans.  A rapid, high throughput screening 

assay for new anticryptosporidial drugs is clearly needed to identify such new drug leads. 

 It was discovered through whole genome sequencing, that Cryptosporidium acquired 

thymidine kinase (TK) by horizontal gene transfer from bacteria.7 It was hypothesized that TK 

may also contribute to antifolate resistance in Cryptosporidium by providing an alternative route 

to dTMP.7 For this reason, the Striepen lab (School of Veterinary Medicine, University of 

Pennsylvania, Hill Pavilion 380 S University Avenue, Philadelphia, PA 19104) recently   

removed the TK gene, and inserted the Nluc-Neo gene in its place.7 Nluc is a luciferase gene 

(Promega Corporation, Madison, WI, USA) derived from deep sea shrimp, and Neo is the 

neomycin resistance marker gene which inhibits paromomycin from acting on aminoacyl tRNA 

sites of ribosomes or the maturation of tRNA8 (Figure 1a). While paromomycin proved effective 

in vitro, it was not effective in vivo, particularly in humans. Thus, the neomycin resistance 

marker would also allow for further studies in HCT-8 cell lines and animal models that resemble 

C. parvum infection in humans. To do this, the Striepen lab took C. parvum oocysts that were 

propagated in calves and purified (Cryptosporidium Production Laboratory, Tucson, AZ), then 

excysted to obtain sporozoites (Figure 1b). CRISPR/ CAS-9 genome editing was used to cause a 

site directed double strand DNA break and remove the TK gene (Figure 1a). Once the TK gene 

was removed, the Nluc/Neo DNA plasmid was induced via electroporation into the excysted 

sporozoites before infection of HCT-8 cells (Figure 1b).7 After completion, the modified 

sporozoites were injected into the small intestine of mice, where Nluc-Cp successfully 
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propagated, and oocysts were excreted. These modified oocysts were repeatedly passed through 

an Interferon-γ knockout mouse model, in which the Streipen lab has maintained the line 

indefinitely7. 

Figure 1a:      Figure 1b:  

 
 
Figure 1: a, Map of deletion of TK gene, insertion of Nluc/neo plasmid and resulting modified locus.  

b, an overview of purified oocysts from calves, excysted sporozoites electroporated in the presence of plasmid DNA 

before infection of HCT-8 cells. (Figures produced in the Striepen lab).7 

Genetic modification of C. parvum had heretofore never succeeded and represents a 

seminal breakthrough. Now, large scale availability of Nluc-Cp will allow for faster screening of 

drug compounds and give new insights into parasite-host interactions. Validation of infectivity 

and pathogenicity of Nluc-Cp in calves was necessary as it had only previously been propagated 

in mice. Propagation in calves was chosen due to higher oocysts yield over a shorter time period 

in comparison to mice as observed in WT-Cp.  It was also necessary to determine if current 

isolation methods for WT-Cp would be effective for Nluc-Cp oocysts. I hypothesize that the 

pathogenicity, propagation and isolation of Nluc-Cp versus WT-Cp in neonatal calves will be the 

same.   

The aspirational learning outcomes of this master’s project were to compare the 

propagation levels, pathogenicity and isolation procedures for NlucCp to WT-Cp. The project 

included comparing clinical health scores of calves infected with either Nluc-Cp or WT-Cp, 
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propagation levels of each isolate and effectiveness of isolation procedures developed for WT-

Cp in recovering Nluc-Cp oocysts.  

Materials and Methods 

Parasites 

Wildtype oocysts used for all experiments were of the well-characterized Iowa C. parvum 

isolate (Cryptosporidium Production Laboratory), maintained since 1988 by propagation in 

newborn Cryptosporidium-free Holstein bull calves.23,24 Nluc oocysts used for all experiments 

were produced in the Striepen lab from the genetically modified Iowa C. parvum isolate, 

maintained since 2015 by propagation in mice.7 Oocysts were isolated from calf feces by sucrose 

density gradient centrifugation, cesium chloride gradient centrifugation and stored in a 

saline/antibiotic solution (4oC) as previously described.23,25 Oocysts were counted from 1.5 ml 

tubes using a hemocytometer following dilution 1:400 with 0.85% saline (1.5 mL x average 

count x 400 x 10,000). Oocysts were administered to calves within 1 month of isolation and were 

disinfected with 0.5% peracetic acid immediately prior to use.26 Oocyst excystation was used as 

an index for determining viability prior to administration and exceeded 90% in all cases. The 

housing facility in which the calves were maintained was thoroughly cleaned, and bottles, 

buckets and stalls were replaced to avoid cross-contamination of WT-Cp and Nluc-Cp between 

experiments with each isolate .26 

 Oocyst propagation in calves 

Neonatal Holstein bull calves were obtained from Shamrock Dairy (Stanfield, AZ) using 

previously described methods to prevent infection with other enteropathogens or C. parvum 

isolates.29 Calves were transferred to the University of Arizona BSL2 Central Animal Facility 

following birth and placed in elevated calf stalls (Figure 2a). Calves were then given the 



 12 

following supplements and vaccinations: Vitamin A&D (VETONE®, Boise, ID), Selenium and 

Vitamin E (MU-SE®, Madison, NJ), Calfguard vaccines (bovine rotavirus and coronavirus, 

Zoetis, Kalamazoo, MI), Ecolizer (Clostridium perfringens Type C antitoxin and anti-

Escherichia coli antibody, Novartis, Larchwood, IA), and Fortified Vitamin B Complex 

(AgriLabs®, St. Joseph, MO). Calves were fed colostrum replacer (Bovine IgG Colostrum 

Replacement, Land O’Lakes, Shoreview, MN) and given a twelve to twenty-four-hour 

adaptation period before experimental infection. Calves were orally administered oocysts as 

follows. Each calf was allowed to suckle milk replacer (200 mL) from a nipple bottle to close the 

gastric groove. Calves were then orally administered either WT-cp or Nluc-Cp oocysts (2X10e8 

wildtype oocysts/calf, 1X10e8 or 2X10e8 Nluc oocysts/calf) suspended in 25 mL milk replacer 

using a 50 mL syringe, and immediately thereafter fed an additional 250 mL milk replacer from 

a nipple bottle.  Once infected, diarrhea typically commenced within three to five days for both 

isolates. Calves were monitored closely, given subcutaneous fluids (Normasol®-R, Hospira, Lake 

Forest, IL) when necessary, supplied with water ad libitum, and fed a mixture of milk replacer 

(Land O Lakes®, Shoreview, MN) and Instant Nonfat Dry Milk (Better Living Brands LLC, 

Pleasanton, CA) every twelve hours. Non-fat milk was specifically used to reduce the amount of 

fat in the feces without nutritional compromise, making it easier to isolate oocysts. At the onset 

of diarrhea, an oral electrolyte solution (Re-Sorb®, Pfizer, New York, NY) was made available 

by bucket to each animal until the end of the experiment. Urine and fecal matter were collected 

and measured on days three through nine post infection. This was done by placing large plastic 

bins underneath the calf stanchions to collect all urine and feces without contamination of each 

by the other (Figure 2b)29. Feces volume was measured every twenty-four hours, while urine 
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volume was measured every twelve hours. Measurement of total daily feces and urine were used 

as quantitative, unequivocal indicators of severity of diarrhea and dehydration.  

 
Figure 2: 

  

Figure 2: a, calf housing in elevated stall. b, plastic sheet depicted for separation and urine and feces into appropriate 

bins.29,31  

The following six criteria were used to evaluate clinical scores on days three through nine 

post infection: fecal consistency, willingness to rise, stance when up, appetite, attitude, and 

hydration status (Figure 3a). The first four criteria were based on a one to four scale with one 

being the most normal and four being the most abnormal. The fifth criterion was based on a one 

to three scale, and the sixth on a one to two scale. Calves were evaluated every twelve hours and 

the individual scores for each calf were summed with a range of six to twenty-one to obtain a 

total daily clinical health score. Thus, calves that received a score of six were healthy or within 
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normal ranges while a score approaching twenty-one indicated that the calf was severely ill and 

required euthanasia. Those scoring the calves were not blinded to the experimental condition.  

 
Figure 3:  

1. Fecal Consistency (check one) 
  Formed (Score 1) 
  Loose but not diarrheic (Score 2) 
  Diarrheic (Score 3) 
  Severely diarrheic -watery and profuse (Score 4) 
2. Willingness to Rise (check one) 
  Eager to rise or already up in stanchion (Score 1) 
  Willing to rise on own but needs encouragement (Score 2) 
  Reluctant to rise but able with assistance (Score 3) 
  Unwilling/ Unable to rise on own, requires lifting (Score 4) 
3. Stance When Up (check one) 
  Stable, normal (Score 1) 
  Somewhat unstable (Score 2) 
  Clearly unstable, loses balance or sways (Score 3) 
  Unable to stand (Score 4) 
4. Appetite (check one) 
  Ravenous, aggressive (Score 1) 
  Normal (Score 2) 
  Decreased, if coaxed will suckle (Score 3) 
  Anorectic, will not suckle (Score 4) 
5. Attitude (check one) 
  Bright, alert, responsive (Score 1) 
  Somewhat depressed, dull (Score 2) 
  Clearly depressed, dull (Score 3) 
6. Hydration Status (check one) 
  Normal (Score 1) 
  Dehydration evident (Score 2) 

Figure 3:  Clinical score evaluation sheet. 

Oocyst isolation 

The initial step in isolating oocysts was sieving twice using a size 20 sieve immediately 

followed by a size 60 sieve and condensing all collected feces prior to purification by differential 

sucrose and cesium chloride gradients. Supernatant was removed from the solid residue after 

centrifugation (3000 x g, 10 min, 4oC) from which the pellet was then run through a series of two 
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sucrose gradients. In preparation for these gradients, Sheather’s sugar solution was made using 

3000g sucrose, 1950 mL nanopure water, and 54 mL phenol. This solution was then mixed with 

PBS at 1:2 and 1:4 dilutions, with 27 mL of Tween 80 (Fisher Chemical, Fair Lawn, NJ) in each, 

to create two different sucrose densities used in the gradients. Eighty mL of the 1:2 sucrose 

solution was placed in a 250 ml clear bottle followed by 80 ml of the 1:4 solution. The sieved 

and condensed fecal matter was then gently placed on top of the gradient preparation and 

centrifuged (2400 x g, 25 min, 4oC). The middle layer (Figure 6a) containing oocysts was 

removed, diluted with 0.85% saline with 1% Tween 80 solution made in a 4000 mL bottle and 

condensed again (3000 x g, 10 min, 4oC). The pellet was then removed and run through one 

additional sucrose gradient as described above.27  

After the sucrose gradients, oocysts were further purified through a final cesium chloride 

(CsCl) (Sigma, St. Louis, MO) gradient. First, oocysts were centrifuged in PBS (3000 x g, 15 

min, 4oC) using 50 ml polypropylene tubes to remove the majority of the bacteria. The pellet was 

washed 1-2x with 6 ml saline and then resuspended in 12 ml saline/0.1% Tween 80. An ice 

bucket was prepared to keep 1.7 ml microfuge tubes containing 1 ml of CsCl (specific density of 

1.15) at 4o C. Next, 0.5 ml of the oocyst suspension was overlayed atop the solution and 

centrifuged (16,000 x g, 4 min, 4o C). One ml was drawn from the interface of the CsCl/saline 

layer, collecting 0.5 ml of saline and 0.5 ml of CsCl, and transferred to another pre-cooled 1.7 ml 

microfuge tube. Oocyst-containing samples were then diluted with saline to 1.5 ml, vortexed, 

and centrifuged (16,000 x g, 4 min, 4o C). A serial rinse was then performed with 0.5 ml saline, 

combining six to twelve pellets before diluting total contents to 1.5 ml with saline, followed by 

centrifugation (16,000 x g, 4 min, 4 o C). The supernatant was aspirated and discarded, and the 

pellet washed with 1.5 ml saline. The pellets from all tubes were combined and resuspended in 
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antibiotic solution (100 units penicillin, 0.1 mg streptomycin and 0.1 mg Gentamicin per mL) 

and stored at 4o C. 

After obtaining unexpectedly low numbers of Nluc-Cp oocysts through the above 

protocol due to the self-adherence of Nluc-Cp oocysts and fat in the feces, the protocol was 

altered. The Nluc-Cp oocysts were observed  to be sticking to each other (Figure 7a), fat, 

bacteria and condensing containers; therefore, the initial condensed feces were run through an 

ether extraction method.23 This was done in a fume hood, by filling a 100 ml centrifuge bottle 

with 60 mL diluted feces and 30 ml ethyl ether. The bottle was then capped, shaken, and 

recapped to release volatiles before centrifugation (1000 x g, 15 min, 4o C). The fecal plug, 

which consisted of a floating layer of fat and bacteria, was suctioned off before resuspending the 

oocyst-containing pellet in PBS.23 The resuspended pellet was then run through only one sucrose 

gradient and one cesium chloride gradient.27 

Upon further analysis of Nluc-Cp oocyst counts, it was determined that there was still a 

significant loss of oocysts using sucrose gradients. This was determined from sampling each 

layer of the sucrose gradients and observing that Nluc-Cp oocysts were in the pellet while WT-

Cp oocysts were in the middle 1:4 layer. This led to the implementation of a new isolation 

protocol. Nluc fecal matter was sieved, condensed and then run through a sucrose suspension as 

follows. After condensing, the fecal matter was re-suspended in a 1:2 dilution of 0.85% saline, 

and 100 ml were poured into a 250 ml bottle, mixed with 100 ml of undiluted Sheather’s solution 

and centrifuged (1000 x g, 5 min, 4o C). The supernatant was collected, diluted 1:1 with PBS and 

condensed again (3000 x g, 10 min, 4o C).30 After condensing sucrose suspension supernatant, 

the pellet was ether-extracted as described above and run through one CsCl gradient as described 

above.  



 17 

Hydrophobicity Assay 

 In an initial effort to investigate why Nluc-Cp were self-adherent, hydrophobicity of 

Nluc-Cp and WT-Cp was tested with hexadecane by the method of Bellon-Fontaine et al.31 The 

absorbance at 405nm of the suspension was measured using a spectrophotometer (S.250, 

Secomam). Nluc-Cp or WT-Cp oocysts were suspended (5 mL) with 1 ml n-hexadecane (Sigma) 

and vortexed for 30 seconds. The mixture stood for 15 minutes to ensure separation of the two 

phases. The absorbance of the water phase was then measured followed by the absorbance of the 

hexadecane.32  

Statistical Analyses  

Statistically significant differences were determined using a two-sample t test and a one-

way analysis ANOVA with a significance level of P < 0.05. 

Animals 

All calves used in the present study were maintained in biosafety level 2 (BSL-2) 

biocontainment at the University of Arizona in accordance with the PHS Guide for the Care and 

Use of Laboratory Animals and with IACUC approval. 

Results 

All of the following data are based on six calves infected with WT-Cp and six calves infected 

with Nluc-Cp and evaluated for ten days. Urine and fecal volume measurements were 

represented by averaging post infection (PI) collection days three through nine of all six calves 

for both WT-Cp and Nluc-Cp. WT-Cp infected calves produced significantly more diarrhea 

volume than Nluc-infected calves on PI days 3-5 and overall, indicating that WT-Cp calves had 

objectively more severe diarrhea and were more dehydrated than Nluc-Cp calves (Figure 4a, P < 

0.05). Nluc-Cp infected calves produced significantly more urine on PI day 3 and overall than 
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Wild type-infected calves. This indicates less dehydration in Nluc-Cp calves than WT calves 

(Figure 4b, P < 0.05). Fecal consistencies correlated with fecal volumes, indicating that wild type 

calves had more severe diarrhea, and greater oocyst shedding than Nluc-Cp calves (Figure 4c, P 

< 0.05).  

Figure 4a:  

 
Figure 4b: 

 
Figure 4c:  
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Daily clinical health scores were averaged for WT-Cp and Nluc-Cp calf groups (Figure 

5a). Group mean clinical scores were higher in WT-Cp calves than Nluc-Cp calves (Figure 5b, P 

< 0.05) indicating that WT-Cp calves had more severe clinical disease than Nluc-Cp calves. 

Nluc-Cp calves were significantly healthier on days PI 3, 5 (Fig 5a, P < 0.05) when compared to 

WT-Cp calves. 

 
Figure 5a: 

 
 
Figure 5b:                                               
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Isolation of oocysts was performed with sucrose gradients having 3 different densities (Figure 

6a). On the top third of the gradient is where the sieved fecal matter is placed, which has a 

density less than 1.064 mg/ml; the middle third has a density of 1.064 mg/ml and the bottom 

third has a density of 1.103 mg/ml. After centrifugation, WT-Cp oocysts localized in the middle 

section with a density of 1.064 mg/ml, whereas Nluc-Cp oocysts pelleted at the bottom having a 

density of ≥1.103 mg/ml. This suggests that Nluc-Cp oocysts have a greater density than WT-Cp 

oocysts, or more likely that Nluc-Cp oocysts pellet because they aggregate. Different purification 

methods were evaluated, and it was found that Nluc-Cp oocysts were best isolated using sucrose 

suspensions instead of sucrose gradients. After purification, group mean total oocysts isolated for 

WT-Cp versus Nluc-Cp (Figure 6b) suggest that WT-Cp calves shed significantly more oocysts 

than Nluc-Cp calves (P < 0.05). However, the differences observed are more likely artifactual, 

related to Nluc-Cp oocyst aggregation and losses incurred during purification.   

Figure 6a:            Figure 6b:       

  

Figure 6: a, Sucrose gradient depicting location of densities. b, Average total oocysts shed for 6 Wild type calves 
and 6 Nluc calves. 
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Figure 7a       Figure 7b    

                       
Figure 7: a, Self-adhering Nluc-Cp oocysts, 400x magnification. b, WT-cp oocysts, 400x magnification.  
 
 
 Nluc-Cp self-adherent nature ranged from small groups of 3-5 to larger rafts upwards of 

25 oocysts (Figure 7a). While aggregates of Nluc oocysts were noted frequently, no pattern 

consistent with shed dates was observed. WT-Cp oocysts do not self-adhere as depicted (Figure 

7b).  

The hydrophobicity assay indicated that both Nluc-Cp oocysts and WT-Cp oocysts were 

not hydrophobic. When examined using the spectrophotometer all oocysts conjugated within the 

nanopure fraction and no oocysts were found in the hexadecane fraction, indicating the oocysts 

were not hydrophobic.  

Discussion   

In the present study it was hypothesized that the pathogenicity, propagation and isolation 

of Nluc-Cp and WT-Cp in neonatal calves would be the same. However, it was found that the 

calves infected with Nluc-Cp were clinically healthier with fewer oocysts recovered vs WT-Cp 

infected calves.  In addition, Nluc-Cp oocysts proved difficult to isolate, most likely based on the 

self-adherent nature of the oocysts and aggregation. However, with the assay used, Nluc-Cp 
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oocysts were not shown to be hydrophobic, nor were WT-Cp.  The properties of Nluc oocysts 

accounting for self-adherence remain unknown and will be the subject of future studies. Simple 

methods to determine whether aggregation can be reduced or eliminated by altering pH, tonicity, 

or use of different non-ionic detergents at different concentrations will also be examined.    

We speculate that the TK knockout may have caused an alteration in DNA replication in 

Nluc-Cp. An in-depth comparison of whole genome sequences of Nluc-Cp versus WT-Cp may 

give insight into the basis for self-adherence of Nluc-Cp. We also speculate that Nluc-Cp calves 

may possibly have been clinically healthier due to difficulty in ensuring accurate counts of Nluc-

Cp oocysts for infection, even though oocysts were used from visually noted non-aggregating 

days. Based on preliminary observations we speculate that individualized Nluc-Cp oocysts 

would have a greater percent excystation than aggregated oocysts and thus cause more severe 

infection than the same number of oocysts in the form of aggregates. We note that total oocyst 

excretion of Nluc-Cp from experimentally infected calves is unknown because of aggregation 

and losses incurred in purification. Future qPCR and luminescence assays run on calves may 

give insight into total number shed. It is possible that genetic modification could have affected 

the Nluc-Cp oocysts in many other ways; however, that would be the subject of future studies.  

 In conclusion, there are significant differences in the pathogenicity, propagation and 

isolation of WT-Cp and Nluc-Cp. This study raised questions regarding an optimal 

purification/isolation procedure for Nluc-Cp to improve recovery from feces. Future directions 

include the ultrastructural and physicochemical comparison of the two oocyst isolates. Future 

steps will also include comparing the accuracy of quantification of Nluc-Cp infection using rapid 

luminescence assays to the historically used method of histologic scoring of intestinal infection 

levels and more recently qPCR, both of which are more labor intensive.  
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