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Abstract 

The geographic range of chronic wasting disease, a fatal prion disease of cervids, is 

expanding throughout North America and northern Europe. The ecological effects of this 

highly infectious disease are unclear, as the host range and routes of transmission of CWD 

are not fully characterized. I infected Syrian Golden hamsters with a number of experimental 

and hunter harvested CWD isolates in order to compare their host range. There was 

variability in the ability of specific isolates to infect the hamsters, indicative of CWD strain 

diversity in free-ranging cervids. Differences were correlated with cervid species, 

geographical location and the presence of polymorphisms in the prion protein gene. Another 

important aspect to understand CWD ecology is understanding how infectivity interacts with 

the environment, and developing methods detecting environmental CWD. To this end, I 

developed a method of detecting plant-adhered prions. Using this assay, I described how 

prion-plant interactions differed depending on the species of vegetation. These data suggest 

that importance of plant consumption of CWD transmission will be dependent on climatic 

and geographic factors. Contaminated vegetation may not only transmit CWD to naïve deer, 

but also result in interspecies transmission, putting native species and livestock at risk of 

contracting prion disease. My technique of detecting vegetation-adhered prions can be 

developed into a method of monitoring environmental contamination. This thesis expands our 

knowledge of CWD epidemiology, demonstrating the complexity of prion transmission and 

the diversity of this fatal neurodegenerative disease. 



iii 

 

Preface 

The research project, of which this thesis is a apart, received research ethics approval from 

the University of Alberta Research Ethics Board and were conducted in accordance with the 

Canadian Council on Animal Care Guidelines and Policies with approval from the Health 

Sciences Animal Care and Use Committee of the University of Alberta, Animal Use Protocol 

914. This project was conceived and performed with the input of Dr Debbie McKenzie and 

Dr. Judd Aiken. 

A version of Chapter 2 was published as Herbst A, Duque Velásquez C., Triscott E., Aiken 

JM., and McKenzie D. (2017). Primary passages of the experimental CWD inocula into 

hamsters and mice were performed by Drs. Herbst and Duque Velasquez. My contribution 

to the Herbst et al manuscript was analysis of the hamster samples and assistance in 

manuscript preparation. Histology was performed by Hristina Gapeshina and Dr Nathalie 

Daude of the CPPFD histology core. I designed and performed all the second passage work 

described in this chapter. 

Data from a single CWD isolate in Chapter 3 has been included in a manuscript currently 

submitted to a peer-reviewed journal as: Hannaoui S, Triscott E, Duque Velásquez C., Chang 

S.C., Arifin M.I., Zemlyankina I., Tang X., Bollinger T., Wille H., McKenzie D., Gilch S. 

(2020). Additionally, a version of Chapter 3 is intended for publication. Primary passage of 

the CWD inocula into hamster and mice were performed by Dr. Allen Herbst and Dr. Camilo 

Duque Velásquez. Genotyping of the deer isolates was performed by Chiye Kim. Histology 

was performed by Hristina Gapeshina and Dr. Nathalie Daude of the CPPFD histology core. I 

contributed to the experimental design, data collection, and data analysis of all other work. 

A version of Chapter 4 is intended for publication. I contributed to the experimental design, 

data collection, and data analysis.



iv 

 

Acknowledgements 

My deepest thanks to my supervisor, Dr. Debbie McKenzie, and committee members Dr. 

Judd Aiken, and Dr. Janice Cooke for their mentoring and guidance.  

I would like to acknowledge our collaborators, especially those who shared samples used in 

this work, including Dr. Sabine Gilch (University of Calgary), Dr. Margo Pybus (AEP), Dr. 

Trent Bollinger (University of Saskatchewan), and the CFIA.  

I would also like to acknowledge my funding agencies: NSERC, Genome Canada, Genome 

Alberta, and APRI for supporting these projects, as well as the CPPFD, especially the 

histology core and the animal technicians. 

I would like to thank the members of the Aiken/McKenzie lab, especially Dr. Duque 

Velasquez, for their contributions to this work and for their support and comradery. As well, 

a big thank you to Dr. Alicia Otero Garcia and Danielle Gushue for their input and writing 

assistance. 

Finally, my deepest thanks to my family and friends for their unwavering support and 

encouragement. 

 



v 

 

Table of Contents 

Abstract ............................................................................................................................................. ii 

Preface ............................................................................................................................................. iii 

Acknowledgements .......................................................................................................................... iv 

1 Prion Diseases: Strains and Environmental Transmission ........................................................... 1 

1.1 Introduction ....................................................................................................................... 2 

1.2 The cellular prion protein (PrPC)......................................................................................... 2 

1.3 The pathologic prion protein (PrPSc) ................................................................................... 3 

1.3.1 PrPSc structure and mechanisms of misfolding ............................................................ 3 

1.3.2 Prion diseases ............................................................................................................. 4 

1.3.3 Prion pathogenesis ...................................................................................................... 4 

1.4 Prion Strains ...................................................................................................................... 6 

1.5 Prion techniques used their use in strain characterization .................................................... 6 

1.5.1 In vivo techniques ...................................................................................................... 6 

1.5.2 Biochemical techniques .............................................................................................. 7 

1.5.3 Protein misfolding cyclic amplification (PMCA) and real-time quaking-induced 

conversion (RT-QuIC) ............................................................................................................... 8 

1.6 Scrapie, CWD, and hamster prions ..................................................................................... 9 

1.6.1 Scrapie ....................................................................................................................... 9 

1.6.2 HY and DY ................................................................................................................ 9 

1.6.3 Chronic Wasting Disease .......................................................................................... 11 

1.7 Host range and the transmission barrier ............................................................................ 12 

1.7.1 Transmission barrier and host range of prion diseases ............................................... 12 

1.7.2 CWD Prnp polymorphisms that affect transmission .................................................. 13 

1.8 Prion Strains and transmission .......................................................................................... 15 

1.8.1 Models of prion strains ............................................................................................. 15 

1.8.2 CWD strains ............................................................................................................. 15 

1.8.3 Host range of CWD .................................................................................................. 17 

1.9 CWD Transmission .......................................................................................................... 18 

1.9.1 Vertical and horizontal transmission of CWD ........................................................... 18 

1.9.2 Pathogenesis of CWD: Peripheral deposition and shedding of CWD prions .............. 20 

1.10 Where in the environment is CWD? ................................................................................. 21 

1.10.1 Soils and CWD ......................................................................................................... 21 

1.10.2 Vegetation and CWD................................................................................................ 23 

1.11 Project overview .............................................................................................................. 24 

2 Effect of white-tailed deer genotype on the interspecies transmission of CWD ......................... 29 

2.1 Abstract ........................................................................................................................... 30 

2.2 Introduction ..................................................................................................................... 30 



vi 

 

2.3 Methods ........................................................................................................................... 33 

2.3.1 Rodent Infections ..................................................................................................... 33 

2.3.2 Immunoblotting and the detection of PrPres ............................................................... 34 

2.3.3 Histopathological analysis ........................................................................................ 34 

2.4 Results ............................................................................................................................. 35 

2.4.1 First passage rodent transmission .............................................................................. 35 

2.4.2 Hamster-adapted CWD ............................................................................................. 36 

2.4.3 Histopathological analysis ........................................................................................ 36 

2.4.4 Second passage hamster transmission ....................................................................... 37 

2.5 Discussion........................................................................................................................ 38 

2.5.1 Wisc-1 CWD in hamsters ......................................................................................... 39 

2.5.2 Novel molecular shift in hamsters infected with wt/H95 ........................................... 40 

2.5.3 Histopathology ......................................................................................................... 40 

2.5.4 Relation to previously published literature ................................................................ 41 

2.5.5 Conclusions .............................................................................................................. 42 

2.6 Tables and Figures ........................................................................................................... 43 

3 Heterogeneity of hamster transmissibility of free-ranging CWD isolates .................................. 54 

3.1 Abstract ........................................................................................................................... 55 

3.2 Introduction ..................................................................................................................... 55 

3.3 Methods ........................................................................................................................... 57 

3.3.1 CWD isolates ........................................................................................................... 58 

3.3.2 Rodent transmissions ................................................................................................ 58 

3.3.3 Digestion reactions and immunoblotting procedure ................................................... 59 

3.3.4 Histopathological analysis ........................................................................................ 59 

3.4 Results ............................................................................................................................. 60 

3.4.1 Homologous transmission into cervidized mice......................................................... 60 

3.4.2 First hamster passage ................................................................................................ 60 

3.4.3 PrPres migration patterns in hamsters. ........................................................................ 61 

3.4.4 Histology.................................................................................................................. 61 

3.4.5 Serial passage of isolates with different PrPres migration patterns .............................. 61 

3.5 Discussion........................................................................................................................ 62 

3.5.1 Geographical variance and its relation to scrapie ....................................................... 63 

3.5.2 Migration patterns .................................................................................................... 64 

3.5.3 Speculation on natural prion mixtures ....................................................................... 65 

3.5.4 Model shortcomings ................................................................................................. 66 

3.5.5 Conclusion ............................................................................................................... 66 

3.6 Tables and Figures ........................................................................................................... 68 

4 Differential binding of prions to vegetation .............................................................................. 76 



vii 

 

4.1 Abstract ........................................................................................................................... 77 

4.2 Introduction ..................................................................................................................... 77 

4.3 Methods ........................................................................................................................... 79 

4.3.1 Brain homogenate sources ........................................................................................ 79 

4.3.2 Vegetation sources ................................................................................................... 79 

4.3.3 Immunoblot Procedure ............................................................................................. 80 

4.3.4 Coomassie staining ................................................................................................... 80 

4.3.5 Detecting PrP in a vegetation homogenate ................................................................ 81 

4.3.6 Improvement of PrP detection using plant buffer and surfactants .............................. 81 

4.3.7 Enzymatic digestion ................................................................................................. 82 

4.3.8 Improved grinding of plant samples .......................................................................... 83 

4.3.9 Boiling in surfactants compared to complete protein precipitation ............................. 83 

4.3.10 Vegetation binding assay .......................................................................................... 83 

4.3.11 Amplification of PrP signal using PMCA.................................................................. 84 

4.3.12 PrP Binding Experiments .......................................................................................... 85 

4.3.13 Animal Transmission of Bound and Unbound Fractions............................................ 85 

4.3.14 Lichen comparison to other samples ......................................................................... 86 

4.4 Results ............................................................................................................................. 86 

4.4.1 Plant material interferes with the detection of PrP and NaPTA precipitation .............. 86 

4.4.2 The addition of a plant-specific buffer and non-ionic surfactant increases PrP signal . 86 

4.4.3 Enzymatic digestion ................................................................................................. 87 

4.4.4 Plant grinding and protein purification ...................................................................... 88 

4.4.5 Boiling bound samples in surfactants ........................................................................ 88 

4.4.6 PMCA amplification of surfactant-extracted PrP ....................................................... 88 

4.4.7 PrP binding to vegetation. ......................................................................................... 88 

4.4.8 Interaction of prions with common vegetation........................................................... 89 

4.4.9 Long incubation alters plant-prion interaction ........................................................... 90 

4.4.10 Differential binding of PrP to vegetation ................................................................... 90 

4.5 Discussion........................................................................................................................ 90 

4.5.1 Optimization of the grinding assay ............................................................................ 91 

4.5.2 Surfactant extraction protocol ................................................................................... 92 

4.5.3 Prion-plant interactions ............................................................................................. 92 

4.5.4 Conclusion ............................................................................................................... 93 

4.6 Tables and Figures ........................................................................................................... 94 

5 Importance of CWD strains and environmental contamination for surveillance and prion ecology

 107 

5.1 The importance of understanding CWD transmission ..................................................... 108 

5.2 Variability of CWD transmission properties ................................................................... 108 



viii 

 

5.3 Comparison to Scrapie ................................................................................................... 110 

5.4 Development of the Vegetation Binding Assay ............................................................... 111 

5.5 Future Applications of the Vegetation Binding Assay ..................................................... 112 

5.6 Concluding remarks ....................................................................................................... 113 

Works Cited .................................................................................................................................. 115 

Appendices.................................................................................................................................... 138 



ix 

 

List of Tables 

Table 1-1. Strains of CWD .............................................................................................................. 25 

Table 1-2. Host range of CWD in livestock, domestic animals, and North American wildlife ........... 26 

Table 2-1. Primary transmission of CWD isolates from experimentally infected deer of different PrP 

genotypes (wt/wt, wt/S96, wt/H95, H95/S96) to hamsters and wildtype mice. .................................. 44 

Table 2-2. Creation of hamster-adapted CWD (hCWD) by adapting CWD from wildtype white-tailed 

deer to hamsters through serial passaging. ....................................................................................... 46 

Table 2-3. Second passage of CWD isolates to hamsters, with a description of the first passage sample 

used for the second passage inoculation. The initial cervid isolate is either the genotype of the deer 

from which the sample originated (wt/wt, wt/S96, wt/H95, or H95/S96), or hamster-adapted CWD 

(hCWD). ......................................................................................................................................... 47 

Table 2-4. Summary of prior CWD isolate transmission into Syrian Golden hamsters. ..................... 53 

Table 3-1. Description of the CWD positive hunter-harvested isolates used to infect hamsters. ........ 68 

Table 3-2. Primary passage of CWD isolates to hamsters with a description of the PrPres migration 

patterns present in the first passage hamster samples. ....................................................................... 69 

Table 3-3. Comparison of the primary transmission characteristics of CWD isolates to hamsters and 

cervidized mice, demonstrating correlations between transmission and species or geographic origin. 72 

Table 3-4. Second hamster passage of samples with different PrPres migration patterns .................... 73 

Table 4-1. Hamsters were orally inoculated with unbound and bound fractions of wheatgrass 

incubated with HY......................................................................................................................... 103 

Supplemental Table 3-5. Hamsters that showed neurological signs but lacked PrPres ...................... 143 

 

 



x 

 

List of Figures 

Figure 1-1. Simplified space-filling representation of a steric zipper. A. Amino acid side chains 

interdigitate to form a steric zipper. B. The same protein sequence may form multiple steric zippers. 

C. Residue differences in heterotypic transmission may lead to steric hindrance (blue), preventing the 

formation of a steric zipper. ............................................................................................................. 27 

Figure 1-2. Techniques used to differentiate prion strains. A. Different histological stains used in 

prion disease. B. Example of migration differences between two strains. The first lane contains the 

protein ladder demonstrating molecular weight in kilodaltons (kDa). ............................................... 28 

Figure 2-1. Scoring scale used to visually assess the lesion density in sagittal brain sections. Sections 

are scored on a scale of 0-4, as shown here. Score 0 (a) has no lesions, with the degree of vacuolation 

increasing in score 1 (b), 2 (c), 3 (d), until the entire field is filled with coalescing vacuoles (score 4, 

e). Taken from Ligios et al. 2002[336]. ............................................................................................ 43 

Figure 2-2. Variable PrPres signal intensity following the first passage of deer inocula into hamsters. 

Proteinase K (PK) digested hamster brain homogenate (+ is digested, - is undigested) was digested in 

50 µg/mL of PK and incubated for 45 minutes at 37°C. The origin of the isolate inoculated into the 

hamsters is shown below the immunoblot; either the genotype of the deer from which the sample 

originated (wt/wt, wt/S96, wt/H95, or H95/S96), or serial passaged, hamster-adapted CWD (hCWD). 

The first lane contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). 

Primary antibody: 3F4. .................................................................................................................... 45 

Figure 2-3. Variable signal intensity of PrP deposition the inferior superior colliculus of the first 

passage hamsters inoculated with different CWD isolates. The indicated area is the inferior colliculus. 

The label indicates the origin of the sample used to inoculate the hamsters, either a white-tailed deer 

with a certain PrP genotype (wt/wt, wt/S96, wt/H95, or H95/S96), or hamster-adapted CWD (hCWD). 

Primary antibody 3F4. ..................................................................................................................... 48 

Figure 2-4. Vacuolation in the inferior and superior colliculus of the first passage hamsters inoculated 

with different CWD isolates. The indicated area is the inferior and superior colliculus. The label 

indicates the origin of the sample used to inoculate the hamsters, either a white-tailed deer with a 

certain PrP genotype (wt/wt, wt/S96, wt/H95, or H95/S96), or hamster-adapted CWD (hCWD). 

Primary antibody 3F4. ..................................................................................................................... 49 

Figure 2-5. Similar lesion profiles from hamsters following the first passage of deer inocula. Areas 

scored included the corpus callosum (1), central nuclei (2), hippocampus (3), thalamus (4), 

hypothalamus (5), midbrain (6), pons (7), medulla (8), cerebellum (9), and inferior and superior 

colliculus (10). The label indicates the origin of the sample used to inoculate the hamsters, either a 

white-tailed deer with a certain PrP genotype (wt/wt, wt/S96, wt/H95, or H95/S96), or hamster-

adapted CWD (hCWD).................................................................................................................... 50 

Figure 2-6. PrPres from the brains of hamsters following the second passage of CWD to hamsters. A. 

Samples were digested for 45 minutes in 50 µg/mL proteinase K at 37ºC. B. Proteinase K digested 

samples compared to PNGase f digested samples. The first lane contains the protein ladder 

demonstrating molecular weight in kilodaltons (kDa). The genotype of the deer the CWD isolate 

originated in (wt/wt, wt/S96, wt/H95, or H95/S96) is shown below the immunoblot. Primary 

antibody: 3F4 1:10000. .................................................................................................................... 51 

Figure 2-7. There was a significant difference in weights of hamsters inoculated with different inocula 

at week 38, but not at week 46. Wt/wt and hCWD hamsters were heavier than both wt/H95 and 

H95/S96 hamsters at week 38 (wt/wt vs. both wt/H95 and H95/S96 p<0.01; hCWD vs. both wt/H95 



xi 

 

and H95/S96 p<0.05), but not at week 46 (p>0.05). The label indicates the origin of the CWD sample, 

either a white-tailed deer with a certain PrP genotype (wt/wt, wt/S96, wt/H95, or H95/S96), or 

hamster-adapted CWD (hCWD). ..................................................................................................... 52 

Figure 3-1. Two different PrPres migration patterns, A and B, identified in the first hamster passage of 

CWD isolates. A. Samples were digested in 50µg/mL proteinase K. B. Proteinase K digested samples 

compared to PNGase digested samples. The first lane contains the protein ladder demonstrating 

molecular weight in kilodaltons (kDa). The origin of the isolate inoculated into the hamsters is shown 

below the immunoblot, along with the migration pattern associated with the hamster sample (i.e. 

samples labelled Wisc-1-A were inoculated with Wisc-1 and has migration pattern A). HY and DY 

are characterized hamster prion strains. Primary antibody: 3F4 1:10000. .......................................... 70 

Figure 3-2. Variable PrPd signal intensity in the inferior and superior colliculus of first passage 

hamsters.  (A: inoculated with isolate 75020; B: inoculated with elk isolate; C and D: inoculated with 

isolate 70023) compared to fourth passage hCWD (E). F: PrP deposition the entire brain section of 

hCWD-infected hamsters, E is a close up of panel F. The indicated area is the inferior and superior 

colliculus. Primary antibody: 3F4. ................................................................................................... 71 

Figure 3-3. Two PrPres migration patterns were evident in the brains of hamsters following the second 

passage. A. Screening of second hamster passage samples. B. Comparison of the PrPres double-banded 

migration pattern, indicated by the red arrows. C. Comparison of PrPres from second passage Wisc-1 

samples and hunter-harvested isolates. Samples were digested in 50 µg/mL proteinase K for 45 

minutes. The first lane contains the protein ladder demonstrating molecular weight in kilodaltons 

(kDa). The origin of the isolate inoculated into the hamsters is shown below the immunoblot, along 

with the migration pattern associated with the first passage hamster sample (i.e. samples labelled 

Wisc-1-A were inoculated with Wisc-1 and has migration pattern A upon first passage). Primary 

antibody: 3F4. ................................................................................................................................. 74 

Figure 4-1. Vegetation interferes with PrP detection. A. Leaf samples were frozen and ground in 

water, and then the vegetation homogenate spiked with either 10 µL or 5 µL of brain homogenate. A: 

Samples were centrifuged and the supernatant was methanol precipitated. B: 10X SDS was added to 

the supernatant prior to methanol precipitation. C: Supernatant was precipitated with NaPTA. The 

first lane contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). Primary 

antibody: Bar224. ............................................................................................................................ 94 

Figure 4-2. The addition of detergent to the Plant Buffer increases PrP signal. Leaf samples were 

frozen and ground, and then spiked with brain homogenate. A. Samples were incubated for 5 minutes 

in Plant Buffer, and then centrifuged. The supernatant was then methanol precipitated. B. Samples 

were incubated on ice for 25 minutes in Plant Buffer with 1% Triton X-100, and then centrifuged, 

methanol precipitating the supernatant. C. Samples were prepared as in B. Brain homogenate was 

either added after the addition of Plant Buffer (spiked), prior to grinding (total), or was incubated on 

the fresh leaf sample overnight and rinsed off prior to grinding, leaving the water sample containing 

the rinsed off brain homogenate (unbound) or the brain homogenate that remained bound (bound). 

The lane with the black bars contains the protein ladder demonstrating molecular weight in 

kilodaltons (kDa). Primary antibody: Bar224. .................................................................................. 95 

Figure 4-3. The addition of an enzymatic digestion step alters PrP signal detection. A. Leaf pieces 

were frozen and ground. Brain homogenate was applied and the samples were incubated in Plant 

Buffer with 1% Triton X-100 overnight. Samples were centrifuged and the supernatant was methanol 

precipitated. The precipitated proteins were PK-digested using 16-120 µg/mL PK for 15 or 30 

minutes. The lane with the black bars contains the protein ladder demonstrating molecular weight in 

kilodaltons (kDa). Primary antibody: Bar224. B. Coomassie stained membrane of A. C. Ground leaf 



xii 

 

sample was incubated in cellulase (concentration between 10-1 and 10-5) prior to incubation in Plant 

Buffer. D. Coomassie stained membrane of C. ................................................................................. 96 

Figure 4-4. Improved grinding of the plant sample decreases PrP signal. A. Elm and lilac leaves were 

frozen and ground using either a normal pestle or the BioMasherII. In ‘spiked’ samples the brain 

homogenate was added prior to the incubation in Plant Buffer. Samples were centrifuged and the 

supernatant was methanol precipitated. In the ‘unbound’ and ‘bound’ samples the leaves were 

incubated with brain homogenate and then rinsed in water (‘unbound’) prior to grinding of the 

sample. The vegetation sample was then dried and ground as in the ‘spiked’ samples. The first lane 

contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). Primary antibody: 

Bar224. B. Coomassie stained membrane of A................................................................................. 97 

Figure 4-5. Bound PrP can be extracted by boiling samples in Triton X-100. Plant samples were 

incubated with brain homogenate and then rinsed in water. A: Plant samples were dried and ground as 

usual, then incubated in Plant Buffer and centrifuged. Supernatant was then TCA precipitated. B: 

Plant samples were boiled in Laemmli buffer. C: Plant sample was boiled in 5% SDS. D: Plant sample 

was boiled in 10% SDS. E: Plant samples were boiled in 1% Triton X-100 and TCA precipitate. The 

first lane contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). Primary 

antibody: Bar224. ............................................................................................................................ 98 

Figure 4-6. PMCA reaction of the bound fraction. 10 µL of the bound fraction was used to seed a 

single round of PMCA. The reaction was subjected to 30 seconds of 60 Hz sonication every 15 

minutes for 24 hours. The first lane contains the protein ladder demonstrating molecular weight in 

kilodaltons (kDa). Primary antibody: Sha31. .................................................................................... 99 

Figure 4-7. Schema of total PrP binding assay. .............................................................................. 100 

Figure 4-8. Schema of PrPSc binding assay. .................................................................................... 101 

Figure 4-9. Differential binding of prions to vegetation. A. Different volumes of brain homogenate 

were incubated with yarrow or grass overnight. Proteins were precipitated from the unbound fraction 

and analyzed by immunoblot. B. Bound proteins were extracted from the rinsed plant samples by 

boiling in Triton X-100. C. PrPres material was present in both the bound and unbound fraction. HY 

brain homogenate was applied to fresh grass and incubated at 4°C overnight. Grass was rinsed in 

water and the proteins were extracted from the unbound fraction and either resuspended in Laemmli 

sample buffer (PK-) or digested in proteinase K (PK +). The lane with the black bars contains the 

protein ladder demonstrating molecular weight in kilodaltons (kDa). Primary antibody: Bar224 (A and 

B), or 3F4 (C). ............................................................................................................................... 102 

Figure 4-10. Prion binding depends on plant species. A. Brain homogenate was applied to the plant 

samples and incubated overnight at 4°C. The vegetation was subsequently rinsed with water. Proteins 

were TCA precipitated from the unbound fraction and analyzed by immunoblot. The first four lanes 

are a dilution series of the total brain homogenate. B. Bound proteins were extracted from the rinsed 

vegetation by boiling in Triton X-100. Replicates were combined and proteins were extracted from 

the rinse and analyzed by immunoblot. The lane with the black bars contains the protein ladder 

demonstrating molecular weight in kilodaltons (kDa). Primary antibody: Bar224. C and D. Semi-

quantitative signal strength analysis of blots A and B. .................................................................... 104 

Figure 4-11. Longer incubation results in more PrP bound to plant material. Brain homogenate was 

incubated with fresh grass overnight or for either one week or four weeks. A. Proteins were 

precipitated from the unbound fraction and analyzed by immunoblot. Primary antibody: Bar224. B. 

Bound proteins were extracted by boiling in Triton X-100. The lane with the black bars contains the 



xiii 

 

protein ladder demonstrating molecular weight in kilodaltons (kDa). Primary antibody: Bar224. C. 

Semi-quantitative signal strength analysis of blot A and B. ............................................................ 105 

Figure 4-12. PrP binds to lichen and cannot be detected using my method. A. Brain homogenate was 

incubated with lichen or grass overnight. Samples were vortexed 5 times for 10 seconds each in water 

and each rinse was methanol precipitated. Primary antibody: Bar224. B. Vegetation samples were 

incubated with brain homogenate overnight. Samples were rinsed in water (‘unbound’), then boiled in 

1% Triton (‘bound’). Samples were then precipitated. The lane with the black bars contains the 

protein ladder demonstrating molecular weight in kilodaltons (kDa). Primary antibody: Bar224. ... 106 

Figure 5-1. CWD-infected cervids carry a range of conformers, varying by the type of cervid and 

cervid PrP alleles. This material will be shed onto plants and other vegetation, whose prion adherence 

capacity will determine how much infectivity will percolate into the soil. ...................................... 114 

Supplemental Figure 3-4. Atypical migration patterns were present in some hamsters that displayed 

clinical signs, but there was no increase in signal intensity in the second passage of these hamsters. A. 

Atypical migration patterns in some first passage hamsters. PK digest performed using three times the 

normal amount of brain homogenate. Samples were digested in 50µg/mL proteinase K for one hour. 

B. Samples were digested in 50 µg/mL proteinase K for one hour. The lane with the black bars 

contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). The origin of the 

isolate inoculated into the hamsters is shown below the immunoblot; either the deer code (e.g. 70045), 

uninfected hamster brain homogenate (NBH), or hamster-adapted CWD (hCWD). Primary antibody: 

3F4. ............................................................................................................................................... 144 

Supplemental Figure 3-5. Atypical migration pattern was due to cross reactivity with the secondary 

antibody. Samples were digested in 50µg/mL proteinase K for one hour. A. Comparison of the 

atypical migration pattern using three different primary antibodies, Saf70, Saf83, Bar224; secondary 

antibody: GαM: HRP 1:10000. B. Comparison of primary and secondary antibody compared to 

secondary alone. The lane with the black bars contains the protein ladder demonstrating molecular 

weight in kilodaltons (kDa). Samples were either undigested (-) or digested in PK (+). uninfected 

hamster brain homogenate (NBH), or hamster-adapted CWD (hCWD). Primary antibody: 3F4, Saf83, 

Bar224 as noted above. .................................................................................................................. 145 

Supplemental Figure 3-6. Cross-reactivity in the secondary antibody is increased by increasing the 

amount of brain homogenate digested, increasing the amount of proteinase K used in the digest, and 

increased time of digestion (1 hour (hr) or 1.5 hours). The lane with the black bars contains the 

protein ladder demonstrating molecular weight in kilodaltons (kDa). Atypical samples were compared 

to hamster-adapted CWD (hCWD). Primary antibody: 3F4. ........................................................... 146 



xiv 

 

List of Abbreviations 

AB   Alberta 

AEP   Alberta Environment and Parks 

BSE   Bovine spongiform encephalopathy 

CNS   Central nervous system 

CPPFD  Centre for prions and protein folding disorders 

CWD   Chronic wasting disease 

Dpi   Days post-infection 

DY   Drowsy 

ECL   Enhanced chemiluminescence 

EDTA   Ethylenediaminetetraacetic acid 

GALT   Gut-associated lymphoid tissue 

GndHCl Guanidine hydrochloride 

GFAP   Glial fibrillary acidic protein 

GPI   Glycosylphosphatidylinositol 

GSS   Gerstmann-Straussler-Scheinker disease 

H&E   Hematoxylin and eosin staining 

hCWD  Hamster-adapted chronic wasting disease 

hElk   Hamster adapted elk CWD 

HRP   Horseradish peroxidase 

HY   Hyper 

IC   Intracranial inoculation 

iCJD   Iatrogenic Creutzfeldt-Jakob disease 

IHC   Immunohistochemistry 

LD50   Median lethal dose 

LD50/g  Median lethal dose per gram  

MBM   Meat and bone meal 

MD   Mule deer 

MOPS   3-(N-morpholino)propanesulfonic acid 

Mpi   Months post-infection 



xv 

 

MW   Molecular weight 

N   Number of animals in experimental group 

NaPTA Sodium phosphotungstic acid  

ND   Not done 

NEB   New England Biolabs 

PIRIBS Parallel in-register intermolecular beta-sheet model 

PK   Proteinase K 

PMCA  Protein misfolding cyclic amplification 

PNGase f  N-glycosidase F 

PrP   Prion protein 

PrPC   Cellular prion protein 

PrPd   Deposited PrP 

PrPres   Proteinase K resistant prion protein 

PrPSc   Pathological prion protein 

PVDF   Polyvinylidene difluoride 

RAMALT  Rectoanal mucosa-associated lymphoid tissue 

recPrP   Recombinant prion protein 

RIPA buffer  Radioimmunoprecipitation assay buffer 

RPLN   Retropharyngeal lymph node 

RT-QuIC  Real-time quaking-induced conversion 

sCJD   Sporadic Creutzfeldt-Jakob disease 

SDS   Sodium dodecyl sulfate 

SK   Saskatchewan 

StDev   Standard deviation 

TBS-T  Tris-buffered saline with 1% Tween 20 

tg33   Transgenic mice expressing wildtype white-tailed deer PrP 

TME   Transmissible mink encephalopathy 

vCJD  Variant Creutzfeldt-Jakob disease 

WMU   Wildlife management unit 

Wt/wt   Wildtype homozygous  

WTD   White-tailed deer



1 

 

 

 

 

 

 

 

 

 

1 Prion Diseases: Strains and Environmental Transmission 
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1.1 Introduction 

Zoonotic diseases of wildlife pose a growing risk to human health as well as to domesticated 

livestock and other animals. Prion diseases are fatal neurodegenerative diseases caused by the 

misfolding of the prion protein and can occur either via infection or sporadically. Chronic 

wasting disease (CWD) is a transmissible prion disease of cervids that is enzootic in North 

America and is present in Korea and northern Europe. Given its geographic range, which 

continues to expand, its increasing prevalence, and the diversity of hosts and PrP genotypes, 

it is critical to gain a greater understanding of this disease as well as develop methods of 

disease surveillance. This will aid in assessing the risk this infectious, fatal disease poses to 

human and animal health, as well as its impact on global ecosystems. 

1.2 The cellular prion protein (PrPC) 

The cellular prion protein, PrPC, is a GPI-anchored surface protein found in most vertebrates. 

It is expressed at high levels in the central nervous system (CNS) and at lower levels in 

peripheral tissues. PrPC is composed of two domains, an unstructured N-terminus, and an 

ordered C-terminus, connected by a hydrophobic region. The N terminal domain contains 5-6 

octapeptide repeats that interact with metal cations, especially copper [1–3], while the C 

terminal domain consists of three α helices and two β sheets [4–7]. The C terminal domain 

also contains two glycosylation sites at residues 181 and 197 (human numbering) as well as a 

disulphide bond between residues 179 and 214 [8]. The PrP protein is highly conserved with 

a high degree of homology between birds, reptiles, amphibians, and mammals, and with 

similar structural domains in fish [9]. 

 Despite its ubiquity in mammals, the function of PrP is not well understood. Goats naturally 

lacking PrP, as well as transgenic PrP-knockout cattle, do not display overt dysfunction, 

although the goats do develop a subclinical demyelinating neuropathy [10–12]. As well, PrP 

knockout mouse models present with subtle phenotypes that may be the result of genetic 
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confounding instead of PrP ablation [13–15]. PrP has a large interactome which suggests a 

role in a number of cellular processes, including synaptic maintenance and transmission, 

memory, circadian rhythm stabilization, and neuronal plasticity [16–23]. PrP may also have a 

role in neuroprotection and in ion metabolism due to the cation binding domains in its 

unstructured N-terminus [21,24–29].  

1.3 The pathologic prion protein (PrPSc) 

1.3.1 PrPSc structure and mechanisms of misfolding 

In prion disease, PrPC misfolds into a disease-associated amyloidogenic isoform, PrPSc, where 

a ‘seed’ of PrPSc guides normal PrPC to adopt an identical misfolded conformation, forming 

amyloid fibrils [30–32]. Unlike PrPC, PrPSc is predominantly composed of β sheets and is 

resistant to physical and chemical denaturation [33–37]. Currently there are no high-

resolution structural models of PrPSc due to its low solubility and propensity for aggregation, 

however, there is a growing consensus that PrPSc forms a four-rung β solenoid structure, 

where individual subunits stack into fibrils that form the PrPSc amyloid and plaques 

characteristic of prion disease [38–40]. These amyloid fibrils are thought to be formed and 

held together in part due to steric zippers, where the amino acid side chains of two different 

β-sheets interdigitate (Figure 1-1A) [41]. An alternative model, called the parallel in-register 

intermolecular beta-sheet model (PIRIBS), posits that PrPSc amyloid is composed of a single 

filament where each monomer forms a single layer stacked in parallel [42]. 

PrPSc accumulates in the CNS producing neuropathological changes which lead to 

neurological signs and, ultimately, death. Clinical signs of prion disease vary, but commonly 

include locomotor and behavioural signs. Neuropathological changes, including vacuolation, 

gliosis, and neuronal loss, are common features of prion diseases. Although it is unclear how 

PrPSc accumulation and deposition are associated with disease, several mechanisms of 



4 

 

neurotoxicity have been proposed including proteasomal dysfunction, oxidative stress, and 

synaptic dysfunction [43,44,53,45–52].  

1.3.2 Prion diseases 

Prion diseases can be categorized into three major groups based on the source of the initial 

PrPSc seed. Inherited or familial prion diseases, such as Gerstmann-Straussler-Scheinker 

disease (GSS) and fatal familial insomnia, are due heritable dominant genetic mutations in 

the prion protein gene (Prnp) that increase the propensity of PrP to misfold. In sporadic prion 

disease, which includes the most common human prion disease, sporadic Creutzfeldt-Jakob 

disease (sCJD), PrPC misfolds without any overt cause. The third category of prion diseases 

are transmissible or infectious prion diseases, which transmit between animals or humans, 

often due to shedding of infectivity in biofluids or the consumption of infectious tissues [54–

58]. Chronic wasting disease (CWD) of cervids and scrapie of sheep and goats represent the 

most contagious prion diseases. Prion transmission can also occur due to medical procedures 

that involve prion contaminated tools or tissues (iatrogenic prion disease). 

1.3.3 Prion pathogenesis 

While iatrogenic prion transmission has occurred due to medical procedures involving the 

CNS, such as corneal transplants, dura mater grafts, and the use of cadaver-derived growth 

hormone [59–61], many prion outbreaks have been traced to the consumption of prion-

contaminated tissue. Kuru, a transmissible human prion disease, was linked to the practise of 

funerary cannibalism in the peoples of the Fore language group of Papua New Guinea [62]. 

Kuru was most prevalent in women and children who were most likely to consume the brain 

of the deceased [63]. The kuru epidemic ended with the cessation of these practises in the 

1950s, although isolated cases in elderly individuals, likely due to a prolonged incubation 

period, occurred as recently as 2003 [64]. Another human prion epidemic, variant Creutzfeldt 

Jakob Disease (vCJD), occurred due to the consumption of beef from cattle infected with 
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bovine spongiform encephalopathy (BSE). The emergence of BSE in cattle corresponded to 

the elimination of a solvent-extraction step in British meat and bone meal (MBM) production 

in the 1980’s [65]. MBM is produced by rendering tissues, including parts of the CNS, and is 

used to supplement cattle feed. The change in MBM processing allowed prion infectivity, 

either scrapie or a sporadic prion disease of cattle [66–68], to persist in the cattle feed. This 

allowed infected material to cycle through and adapt to bovine populations, as prion-infected 

cattle were processed into MBM. In the 1990s, a novel human prion disease, vCJD, was 

identified and linked to the consumption of these BSE-infected cattle [55,69–71]. vCJD can 

be differentiated from sCJD due to the younger age of onset (26 vs. 65 years), short clinical 

duration (4.5 vs. 14 months), and distinct clinical signs (sensory and psychiatric symptoms 

common at onset of vCJD, rare in sCJD) [72–74]. Both the BSE and vCJD epidemics ended 

following a MBM feed ban in 1987, although, as in kuru, isolated cases of vCJD still occur 

occasionally due to prolonged incubation periods [75].  

In oral infection, infectivity must withstand the digestive process and be transported to the 

CNS. Consumed prions first accumulate in the lymphoid tissue of the digestive tract prior to 

neuroinvasion [76–78]. They cross the intestinal lumen through M cells, specialized cells that 

facilitate immune sampling of the gut contents [79–82]. It is believed that immune cells, 

especially follicular dendritic cells, frequently located near M cells in the Peyer’s patches, 

phagocytose prions but are unable to degrade them, allowing infectivity to spread to other 

immune cells and to organs like the spleen. Eventually, PrPSc will interact with the nerves of 

the gut-associated lymphoid tissue (GALT), and retrotransmission of PrPSc will occur through 

these peripheral neurons too the CNS, resulting in neuroinvasion [76,77,82–86]. Peripheral 

prion infection, notably iatrogenic CJD, may also occur through blood transfusions and the 

use of cadaver-derived medical products, likely through a similar mechanism (i.e.: interaction 

with immune cells and organs leading to retrotransmission and neuroinvasion) [60,87–89]. 
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1.4 Prion Strains  

The different prion agents that can infect a host species, causing stable, distinctive disease 

phenotypes within a defined host, are called strains. These strains are characterized by their 

distinct incubation periods, neuropathology, and clinical phenotypes [90–93]. Strains are 

defined within a single host through bioassay, and their characteristics remain stable when 

passaged multiple times under standard conditions [94,95]. Although structural studies 

currently lack the resolution to compare the PrPSc structures of different strains, differences in 

a number of biochemical features, such as protease resistance and stability in detergents, 

suggest that they are conformationally distinct [96–101]. The immunoblot migration and 

glycosylation patterns of protease-digested strains can also differ (Figure 1-2), due to 

differences in the protease cleavage sites caused by these structural differences [100] or to 

different proportions of di-, mono-, and unglycosylated forms of PrP [96,97]. Different 

protease cleavage sites can also lead to the exposure of different antibody epitopes, resulting 

in the differential detection of some strains using antibodies [102–104]. Animals with the 

same PrP sequence can propagate different strains [94,95]. Interestingly, the β-sheets in the 

PrP of some species can form multiple steric zipper conformations (Figure 1-1B), which 

would vary in misfolded conformation and stability, perhaps explaining how strains, with 

different misfolded conformations, could exist [41].  

1.5 Prion techniques used their use in strain characterization 

1.5.1 In vivo techniques 

Animals can be experimentally infected via a number of different routes, the most common in 

prion research being intracerebral inoculation, i.e., direct injection into the CNS. Peripheral 

routes of infection (oral or intraperitoneal) are less common as some strains do not appear to 

replicate in the periphery or invade the CNS [105,106]. Peripheral transmission, when 

successful, results in significantly longer incubation periods compared to intracerebral 

infections [105,107,108]. A number of rodent models are commonly used in prion studies, 
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including voles, hamsters, and transgenic mice. These mice are modified so that their murine 

Prnp gene is ablated and the Prnp gene of other animals, such as cervids, humans, and 

livestock, is inserted and expressed. This allows researchers to investigate prion diseases that 

would otherwise be difficult to study. Rodents are comparatively easy to manipulate and 

maintain, and the incubation period of prion diseases can be shortened by using mice 

expressing PrP at levels above those found in wild-type animals, although this can affect 

experimental results [30,109].  

The clinical signs of animals experimentally infected with prions can vary depending on 

strain. The length of time it takes for clinical signs to emerge, called the incubation period, 

can differ, as can the length of the clinical period, although this is affected by the initial levels 

of infectivity [90,95,100,110]. A number of histopathological techniques are used to 

differentiate prion strains. PrP amyloid, in the form of deposited PrP (PrPd), can be detected 

in tissue immunohistochemistry using antibodies against PrP, and by using Congo Red 

staining [111–113]. In the brain, prion disease-associated gliosis is detected using antibodies 

against glial fibrillary acid protein (GFAP), a marker of neuroinflammation, while 

hematoxylin and eosin staining allows visualization of vacuolation (Figure 1-2A) 

[91,93,114,115]. Some histopathological features are associated with particular prion strains, 

such as florid kuru plaques [62], but other features, such as neuroinflammation, are non-

specific markers of neurological pathologies [116]. 

1.5.2 Biochemical techniques 

Disease-associated PrP can be differentiated from normal PrP by a variety of biochemical 

methods. Incubation in chaotropic agents and proteinase K digestion of tissue homogenates 

(usually brain) allows researchers to differentiate between PrPC and PrPSc. Unlike PrPC, PrPSc 

is resistant to protease digestion, leaving a protease-resistant core called PrPres [117], 

although PK-resistance varies between strains [99,100]. When analyzed by immunoblot, 
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PrPres generally displays a distinctive pattern, composed of three bands representing di-, 

mono- and non-glycosylated PrP (Figure 1-2B). PrPres banding patterns can vary depending 

on the antibody used and the type of prion disease [103,118–120]. For instance, GSS lacks 

the classical three-band signature and displays a diagnostic single 7 kDa PrPres band 

[121]. PrPSc can also be differentiated from PrPC using chaotropic agents, which will denature 

normal PrPC at lower concentrations while PrPSc will retain its misfolded structure. Similar to 

protease resistance, prion strains can be differentiated by their stability in this chaotropic 

agent [98,122].  

1.5.3 Protein misfolding cyclic amplification (PMCA) and real-time quaking-induced 

conversion (RT-QuIC) 

A number of amplification methods have been developed to detect low levels of PrPSc. 

Protein misfolding cyclic amplification (PMCA) uses a series of sonication and incubation 

steps to convert PrPC to PrPSc and appears to mimic the natural templated misfolding of 

prions, preserving the strain characteristics [123]. In PMCA, a sample containing (or thought 

to contain) prions seeds the PMCA reaction substrate (brain homogenate from uninfected 

animals) and induces it to misfold [124]. After PMCA, the amplified PrPSc is digested with 

PK and visualized by western blot using anti-PrP antibodies [125]. 

Real-time quaking-induced conversion also amplifies low levels of PrPSc. Like PMCA, RT-

QuIC reactions are seeded by a sample containing PrPSc, which will induce PrP substrate to 

misfold. However, in RT-QuIC, the substrate is usually recombinant PrP (recPrP). As well, 

RT-QuIC utilizes intermittent shaking and monitors the formation of amyloid during the 

reaction using the dye thioflavin T, which fluoresces when bound to amyloid [126]. Both 

methods allow for the comparison of strain conversion efficiency, the rate at which a seed 

misfolds the PrP substrate. Similar to interspecies transmission, conversion efficiency is 
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dependent on both the prion seed and type of PrP substrate, so PMCA and RT-QuIC have 

been used to model interspecies transmission in lieu of bioassay [127–129]. 

1.6 Scrapie, CWD, and hamster prions 

1.6.1 Scrapie 

Scrapie, a prion disease of sheep and goats, was first documented in Britain in 1732 and has 

become endemic in many areas, spreading through livestock import [130,131]. Classical 

scrapie most commonly affects sheep between the ages of 2 and 5 years with a clinical course 

of 1-6 months. The clinical signs begin with behavioural changes, progressing to head 

pressing, tremors, ataxia, and pruritus, where the animal scrapes against objects leading to 

bald spots, gives scrapie its name [132]. Three PrP amino acid variants make sheep more 

resistant to scrapie, an alanine (A) at residue 136, and arginines (R) at residues 154 and 171, 

which led to the selective breeding of ‘ARR’ sheep [133–137]. Although ARR sheep were 

resistant to classical scrapie, they could still develop a different prion disease, called Nor98 or 

atypical scrapie, which occurred at an older age and does not include the characteristic 

pruritus of classical scrapie [132,138]. Classical scrapie spreads via horizontal transmission 

with relatively high levels of infectivity found in placenta and birthing materials [139–141]. 

Nor98 is thought to be sporadic, although low levels of infectivity are present in a range of 

peripheral tissues [142].  

1.6.2 HY and DY 

Two prion strains in hamsters, HY and DY, are frequently used to study the prion strain 

phenomenon. For this reason, I will now discuss the origin of these two strains as well as 

their distinct biochemical and pathophysiological characteristics. A TME isolate originated 

from a ranch near Hayward, Wisconsin in 1963 was intracranially inoculated into Syrian 

Golden hamsters. These animals demonstrated signs of prion disease, notably hyperesthesia 

and progressive ataxia after around 18 months [143]. In subsequent passages, the hamsters 
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became notably lethargic after 19 weeks and lacked the ataxic movement noted in the earlier 

passages [144]. A second isolate of TME, this time originating from a mink ranch in 

Stetsonville, Wisconsin in 1985, was also passaged into Syrian Golden hamsters. Similar to 

the initial TME experiment, these hamsters displayed clinical signs such as hyperaesthesia, 

tremors, and ataxia after an incubation period of 15-16 months. Upon further passages, two 

distinct clinical syndromes were observed. The first, HY, preserved the hyperaesthesia and 

ataxia observed in the earlier passages, with the second (DY) displayed the lethargy present 

in the later passages of the Hayward TME transmission experiments [95]. HY and DY were 

further passaged in hamsters until the strains stabilized, resulting in two distinct, stable 

incubation periods (HY: 65±1 dpi; DY: 168±2 dpi). Although earlier passage lines seemed to 

be composed of a mixture of strains [95], DY can be isolated from a mixture by passaging the 

mixed isolate at a high dilution (10-4), continuing to passage the same isolate at a low dilution 

(10-1) will result in the selection of the HY agent [145]. 

These two strains could also be distinguished by a number of pathological characteristics, 

including the location and severity of both spongiform degeneration and PrPd, and the level 

of infectivity in the brain using endpoint titration (HY: 109.5 LD50/g; DY: 107.4 LD50/g) 

[99,100]. In addition to the clinical and pathological differences, HY and DY can be 

differentiated based on their PrPres migration pattern on immunoblot [99] (Figure 1-2B). DY 

has a lower migration pattern, with its unglycosylated band at 19 kDa, compared to HY’s 21 

kDa unglycosylated band. DY is also less resistant to PK digestion than HY and displays 

different epitopes [99,100]. These biochemical differences are explained by the different 

misfolded conformations of these two strains, since slight differences in the infectious prion 

structure could alter the protease cleavage sites, preserving different antibody epitopes and 

causing the shift in migration pattern [100]. 
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HY and DY have also been used to demonstrate important strain phenomena, such as strain 

competition [145,146], a phenomenon previously identified in mouse scrapie [147,148]. In 

strain competition, two co-infected prion strains interfere with the conversion activity of each 

other, likely due to competition for PrPC or cofactors necessary for prion conversion, leading 

to extended incubation periods [149]. The disease phenotype exhibited by hamsters 

coinfected with HY and DY depended on the strain ratios used. HY reliably outcompeted DY 

until the HY:DY ratio was 10-7:10-2, when a mixture of phenotypes is observed. Upon second 

passage, however, the incubation period shortens and only the HY strain phenotype is 

observed [145]. Strain competition can also occur when one prion is inoculated months after 

the other or when the two strains are inoculated peripherally [105,146]. In vitro, multiple 

rounds of PMCA using different ratios of HY and DY as seeds resulted in competition 

similar to in vivo experiments, with small amounts of HY eventually out-competing DY and 

dominating the reaction after several rounds of PMCA [149].  

1.6.3 Chronic Wasting Disease 

Chronic wasting disease (CWD) is an infectious prion disease of cervids, including mule deer 

(Odocoileus hemionus), white-tailed deer (Odocoileus virginianus), moose (Alces alces), elk 

(Cervus elaphus nelsoni), and reindeer (Rangifer tarandus). CWD was first documented in 

captive mule deer in Colorado in the 1960’s, and later in free-ranging white-tailed deer, but 

not identified as a prion disease until decades later [150,151]. It affects both free-ranging and 

captive animals and has spread to 26 American states and three Canadian provinces, as well 

as northern Europe and South Korea [152–156]. While some of this expansion is due to the 

movement of free-ranging animals, spread has been facilitated by the transfer of cervids 

between game farms and zoos [152,153,155,157]. CWD has an incubation period of ~ 2 years 

but can be longer in cervids with specific prnp polymorphisms [158]. Clinical signs of CWD 

begin with behavioural changes and progress over several months, to ataxia, low posture, 
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polyuria, polydipsia, wasting, and, ultimately, death [150]. Infected free-ranging deer are 

likely to be removed from the landscape during the early stages of clinical disease, as they are 

at a greater risk of predation, hunting, and road collisions [159–162]. CWD has a high degree 

of peripheral distribution, with PrPSc present in many tissues, especially lymphoid tissues, 

early in the disease process, although this can be affected by cervid species and genotype 

[163–166]. CWD prions are shed in the urine, saliva, and feces of infected animals, even 

during the preclinical stage of disease [167–172].  

1.7 Host range and the transmission barrier 

1.7.1 Transmission barrier and host range of prion diseases  

In addition to infecting hosts with the same PrP sequence (homologous transmission), prions 

can be transmitted between hosts of different species and PrP alleles (heterologous 

transmission). The ease with which a specific prion can infect novel hosts is called the 

transmission barrier, and the range of animal species infected by a prion agent is called its 

host range. The transmission barrier is thought to be due to a mismatch between the 

infectious seeding template and the PrP sequence of the new host [30,95,98]. When a novel 

host can replicate a specific prion agent, the first infection, or passage, can have an extended 

incubation period which may exceed the life expectancy of the new host. Serial transmission 

in the new host can result in agent adaptation, resulting in reduction and eventual stabilization 

of the incubation period [90,95,173]. This new agent may exhibit novel neuropathology and 

clinical signs, and once the prion has adapted to the new host it may lose its ability to infect 

the original host [99,174]. 

According to the steric zipper model, transmission barriers may be due to amino acid 

mismatches between PrP molecules that result in steric hindrance, preventing the formation 

of a stable steric zipper, and thus the formation of new PrPSc (Figure 1-1C) [175]. This 

mismatch is due to differences in the size and charge of specific amino acid side chains. 
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Several amino acid residues have been demonstrated to influence host range in experiments 

using transgenic mice. Many of these residues were located in the β2-α2 loop of PrP and had 

bulky side groups, which could clash in mismatching PrP sequences and interfere with the 

formation of a steric zipper [175,176]. On the other hand, if these bulky side groups can 

properly interdigitate their mass would stabilize the resulting PrPSc, lowering the energy 

necessary to misfold PrPC and increasing the probability of cross-species seeding [177].  

A number of PrP variants can play a role in prion disease susceptibility. The importance of 

residues 136, 154, and 171 in classical scrapie transmission has already been mentioned. In 

humans, vCJD occurred primarily in M129 homozygous individuals, while subclinical 

infections and a recent clinical case have occurred in MV129 heterozygous individuals 

[75,178]. Similarly, M129 or V129 homozygous individuals were overrepresented in young 

kuru patients, while prolonged incubation periods were associated with MV129 

heterozygosity [178–180]. Interestingly, a novel PrP variant (V127) that appears to confer 

prion resistance has been observed in the area affected by kuru, and is thought to have 

evolved as a result of selection pressures caused by the prion epidemic [181]. It has been 

proposed that the V129 variant in humans emerged in a similar way, due to past prion 

epidemics in human evolutionary history, providing an explanation for the different 

prevalence of V129 in different human populations [179].  

1.7.2 CWD Prnp polymorphisms that affect transmission 

Genetic studies of free-ranging cervids revealed a number of cervid Prnp polymorphisms that 

were underrepresented in CWD positive deer, including H95 and S96 in white tailed deer, 

D20, N138, and F225 in mule deer, and L132 in elk [182–189]. Oral transmission of wildtype 

white-tailed deer CWD to white-tailed deer expressing at least one H95 or S96 Prnp allele 

demonstrated that these polymorphisms extend the incubation period and disease progression 

but do not prevent infection [190]. Similarly, the mule deer F225, reindeer or caribou 
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N138, and elk L132 alleles extend the incubation period of the disease, but do not confer 

resistance [166,190–192]. Not only do these Prnp alleles delay the progression of the disease, 

they also limit peripheral PrPSc deposition [164,166,193]. This has the potential to alter CWD 

transmission characteristics, as a prolonged preclinical phase may result in infectivity being 

shed into the environment for a longer period of time [194,195], impacting transmission and 

environmental contamination. In addition, these PrP variants may lead to the emergence of 

new strains with altered prion properties (Section 1.6). 

The impact of these PrP variants on the ecology and spread of CWD is unclear. There is an 

assumption that PrP variants that delay the onset of CWD will delay the emergence of CWD 

in an area and prevent cervid population declines [159,160,196,197]. One study in north-

central Illinois demonstrated that a higher frequency of CWD-protective alleles resulted in 

delays in the county reporting CWD positives than in counties where deer had lower 

frequencies of these protective alleles [188]. In another study, there was a moderate increase 

in the elk L132 allele in some CWD-enzootic areas [195], suggesting that pressure exerted by 

CWD selected for these alleles. When white-tailed deer populations, in Wyoming, were 

followed for over 7 years, monitoring CWD prevalence, pregnancy, and mortality [160], it 

was found that mortality was four times higher in CWD positive than CWD negative deer, 

leading to a prediction of a 10.4% yearly population decline. A similar study in mule deer, 

from 2010-2014, predicted an annual population decline of as much as 21%, although when 

the F225 variant was included in the model, the decline was 1% annually, with a 10% 

increase of F225 frequency each year. These studies noted CWD positive animals were more 

likely to succumb to predation and harvesting, further complicating CWD modelling, as 

predator dynamics and wildlife management can have a large effect on the future viability of 

cervid populations [161,198–205]. 
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1.8 Prion Strains and transmission  

1.8.1 Models of prion strains  

Although prion strains differ in their conformations, the mechanisms of strain emergence and 

propagation are not clear. Strains can exist as mixtures, as in some cases of sporadic human 

prion disease [206–208] and natural scrapie [209–211], however, it is thought that strains can 

be purified by passaging isolates at a high dilution [90,145]. Once a strain is biologically 

cloned it will retain its strain properties upon serial dilution, although the incubation period 

will increase as titre decreases [90,147,212]. An alternate hypothesis, conformational 

selection model, posits that strains are composed of a ‘cloud’ of misfolded conformations, 

called quasi-species, which co-exist in the host [213,214]. According to this model, 

transmission to a new host occurs if some of the quasi-species are also kinetically possible in 

the novel host (‘conformational selection’). The quasi-species structures that the original 

strain and the novel host have in common will then form a new strain cloud [215]. A third 

model of interspecies transmission, the deformed templating model, proposes that the PrPSc 

seed will attempt to misfold heterotypic PrPC, but, due to the novel molecular environment 

and PrP sequence, the new PrPSc will not be identical to the seed. During this first passage, a 

number of slightly different PrPSc conformations may be produced and the “best” 

conformation will outcompete the others, resulting in a new strain distinct from the original 

isolate in its pathological and biochemical characteristics [216]. Unlike the conformational 

selection model, the deformed templating supports the existence of pure strains while 

explaining how new strains may be generated. 

1.8.2 CWD strains  

A number of CWD strains have been characterized (Table 1-1). Many of these strains were 

isolated from cervids expressing non-wild type PrP and were characterized by comparison 

with another CWD strain (ex.: CWD from a cervid with a Prnp polymorphism compared to 
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CWD from a wildtype cervid). The first CWD strains identified, CWD1 and CWD2, were 

identified by their clinical and histological characteristics in a specific line of cervidized 

mice, tg1536+/- [217]. CWD isolates from elk and deer were transmitted into the tg1536+/- 

mice and different incubation periods and distinct neuropathologies were observed. Shorter 

incubation periods (225±18 dpi), and higher levels of vacuolation in the hippocampus and 

paraterminal body, as well as symmetrical PrPd staining, denoted the CWD1 strain. CWD2 

was characterized by a longer incubation period (301±35 dpi) and asymmetrical PrPd 

deposition. Many deer isolates produced both CWD1 and CWD2 pathologies upon first 

passage in the cervidized mice, while elk samples produced either a CWD1 or CWD2 pattern. 

However, the strain characteristics did not remain stable on second passage, resulting in a 

mixture of neuropathologies in the inoculated mice. Another CWD strain was described in 

Norwegian moose. The neuropathology and immunoblot migration pattern were distinct from 

both CWD-infected Norwegian reindeer and North American moose.  

Other CWD strains were identified in cervids expressing Prnp polymorphisms, suggesting a 

mechanism for emergence of novel prion strains. The H95 and S96 alleles in white-tailed 

deer extend the incubation period of CWD [218]. When CWD from a wt/wt white-tailed deer 

(homozygous for glutamine at codon 95 and glycine at codon 96) was experimentally 

passaged into deer expressing the H95 allele, a new strain called H95+ emerged. Unlike the 

CWD from the wild-type deer (Wisc-1), H95+ can successfully infect cervidized mice 

expressing cervid S96-PrP [219], previously believed to be refractory to CWD [220]. Wisc-1 

and H95+ have different biochemical and neuropathological properties, and their host range 

in wild-type rodents differ [164,219,221]. Another polymorphism of white-tailed deer, G116, 

also appears to be associated with the emergence of novel strain properties [222]. In elk, 

animals homozygous for the L132 Prnp polymorphism had prolonged CWD incubation 

periods, along with differences in neuropathology and PrPSc biochemistry compared to wild-
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type elk [193]. CWD from these L132 homozygous elk was characterized in transgenic mice 

expressing elk M132 PrP, and demonstrated different strain characteristics, including a longer 

incubation period, a lower immunoblot migration pattern, and distinct neuropathology than 

the M132 homozygous elk agent [223]. It is unclear whether strains that emerge in cervid 

with Prnp polymorphisms, like the ones mentioned above, will spread in cervid populations 

and add to the diversity of CWD, especially since some of these variants limit peripheral PrPd 

and shedding [164,166,224]. 

1.8.3 Host range of CWD 

CWD transmits naturally to mule deer, white-tailed deer, elk, moose, red deer (Cervus 

elaphus), sika deer (Cervus nippon), and reindeer (Rangifer tarandus) [150,153,154,225–

227]. In addition, caribou (Rangifer tarandus caribou), Reeve’s muntjac deer (Muntiacus 

reevesi), and fallow deer (Dama dama) have been experimentally infected [192,228,229]. 

Many of these cervids are used for food or hunted recreationally by humans, and their 

geographical distribution often overlaps with agricultural areas. Until the diversity of CWD 

strains is characterized, we cannot quantify the risk CWD poses to humans and animals 

health. 

 A number of studies have attempted experimental transmission of CWD to human disease 

models. Experiments in transgenic mice expressing human PrP have failed to demonstrate 

transmission in mice expressing the M129 and V129 PrP variants [230], and in mice 

overexpressing human PrP [231–233]. These experiments tested CWD isolates from white-

tailed deer, mule deer, and elk [232–234]. CWD has also been transmitted to non-human 

primates. Whereas squirrel monkeys are susceptible to CWD [235], macaques appear to be 

resistant, although one unpublished study suggests they may accumulate PrPSc [236–238]. A 

number of in vitro studies have demonstrated that CWD can convert human PrP, albeit at low 
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levels [127,239–242]. These studies used PMCA and RT-QuIC with human PrP substrate 

from a number of sources, including recombinant PrP [127,242], cell culture-derived PrP 

[234,243], and human PrP from transgenic mouse models [240,241]. As in the humanized 

mouse bioassays, these experiments used a variety of CWD isolates, including elk, mule deer, 

reindeer, and white-tailed deer, and one studied demonstrated that elk prion polymorphisms 

affected the susceptibility of human PrP to misfolding [241].  

Cervids and livestock often coexist in agricultural areas. Not only is this an economic 

concern, as demonstrated with the BSE outbreak in cattle, the adaption of prions to new 

species can change host range [91,94,244], potentially increasing the risk of human 

transmission. As well, transmission of CWD to native species would have important 

ecological consequences. Cattle, sheep, mink, and raccoons are susceptible to CWD (Table 1-

2), although these species are only susceptible after intracerebral challenge, which is unlikely 

to occur naturally [245–251]. Pigs orally infected with CWD accumulate PrPSc by six months 

post infection (at market weight) but do not become clinical (euthanized at 73 mpi) [245]. 

Domestic cats also accumulate infectivity after oral challenge with CWD, although the initial 

interspecies transmission did not result in clinical disease upon first passage, but did upon 

second passage [252]. CWD can also be transmitted to several North American vole and 

mouse species, along with ferrets [244,253–255], but again most of these in vivo infection 

experiments occurred via intracerebral inoculation. 

1.9 CWD Transmission 

1.9.1 Vertical and horizontal transmission of CWD 

Understanding how an infectious disease is transmitted is central to predicting how it will 

impact a population, as well as identifying potential interventions. Three CWD transmission 

routes have been investigated: vertical transmission, direct horizontal transmission, and 

indirect horizontal transmission. In vertical transmission, the infectious disease is transmitted 
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between the mother and offspring prior to parturition, while in horizontal transmission a 

disease spreads between individuals, either through social contact (direct transmission) or 

through contaminated fomites (indirect transmission). CWD positive deer and elk have been 

found to be pregnant at a rate similar to uninfected cervids [159,160]. However, experimental 

evidence indicates that, although CWD positive elk and Muntjac dams can carry young to 

term, there is an increase in stillbirths and spontaneous abortions during the later stages of 

maternal disease [228,256]. Furthermore, PrPSc has been detected by PMCA in birthing 

tissues of CWD positive elk [228,256], indicating that in utero transmission may occur, 

although avoiding contamination in these studies is difficult. 

The primary mode of CWD transmission is likely horizontal, either due to direct contact 

between cervids or indirect transmission through the environment. However, it is unclear 

which mode of transmission predominates. CWD prevalence is associated with landscape 

factors that increase deer densities, such as habitat fragmentation [257–265], which is in 

accord with both direct and indirect transmission models of CWD. Increased deer densities 

result in a greater likelihood of direct contact between naïve and infected cervids but would 

also concentrate shed infectivity into a small area, increasing the likelihood of transmission. 

It is likely that direct and indirect transmission occur concurrently, with the initial 

introduction of CWD occurring through direct contact and indirect transmission arising once 

the environment becomes sufficiently contaminated [196].  

Deer densities may also explain why mule deer have a higher prevalence of CWD than white-

tailed deer when these two populations coexist [197,266,267]. Mule deer form larger herds 

than white-tailed deer, especially during winter, resulting in a greater chance of transmission 

between mule deer compared to less gregarious white-tailed deer [266,268]. Male deer, 

travelling alone or in small bachelor groups, are thought to spread CWD between groups of 
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does since males have been tracked travelling large distances [262,269,270]. Once CWD has 

been introduced to an area, it transmits readily within closely related females of the 

matrilocal herds [270–274]. Landscape features that restrict deer movement, such as large 

rivers and highways, act as barriers to both CWD transmission and gene flow [262,263,275]. 

CWD prevalence in free-ranging males is generally higher than females 

[264,266,273,276,277]. There has been speculation that this is due to increased contact with 

other herds, differences in social behaviour, or even increased food intake, which could lead 

to a greater interaction with shed infectivity [205,262,273]. 

1.9.2 Pathogenesis of CWD: Peripheral deposition and shedding of CWD prions 

CWD can be shed by infected cervids prior to the onset of clinical signs. PrPres has been 

detected in the follicular germinal centres of the Peyer’s patches and retropharyngeal lymph 

nodes (RPLNs) as early as 42 days after oral exposure, although this was relatively rare 

(8/119 RPLN samples; 1/190 Peyer’s patches samples) [76]. Mule deer orally exposed to 

CWD had PrPSc deposition in their rectoanal mucosa-associated lymphoid tissue (RAMALT) 

and tonsil tissue as early as 90 dpi, in the Peyer’s patches and vagus nerve at 190 dpi, then the 

GALT and spinal cord at 272 dpi, and finally the brain at 482 dpi [166]. Seeding activity in 

saliva is detectable as early as three months after exposure to CWD, and infectivity in urine is 

detectable at 6 months post-infection [278]. Infectivity can be detected in mule deer feces, by 

bioassay, 9-10 months post-exposure [170] and in elk feces, by RT-QuIC, as early as 2 weeks 

post-exposure [194]. CWD positive cervids with Prnp polymorphisms begin shedding prions 

at a similar time as wildtype cervids, although there is a high degree of variability in pre-

clinical samples [278–280]. This is concerning, since the preclinical phase is longer in these 

animals, thus the total amount of infectivity shed into the environment may be greater in 

these deer than in wildtype cervids [194,195] 
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There is variability in the levels of infectivity in different biofluids. Henderson et al. 

[127,278] estimated infectivity by comparing the RT-QuIC seeding activity of biofluids to 

the seeding activity of brain homogenate dilutions that had been used to estimate infectious 

dose in cervidized mice. They found one LD50 of infectivity in 10-20 mL of urine and 1-10 

mL of saliva. This is similar to another study using deer bioassay, which found that 16.5 mL 

of saliva was sufficient to cause infection in deer, which is equivalent to 300 ng of infectious 

brain as determined by comparisons performed in RT-QuIC. In this study, this amount of 

infectivity was sufficient to cause disease, although the cumulative dose spread over three 

days resulted in a 100% attack rate (3/3 deer), while a single dose resulted in transmission to 

only 25% of the deer (1/4 deer) [281]. When infectivity of faeces was calculated using 

endpoint dilution in mice expressing elk PrP, Tamguney et al. (2009) found faeces were 

highly infectious (around 106 LD50/g wet feces) [170]. Low levels of infectivity have also 

been detected in antler velvet by transgenic mouse bioassay [282]. Experimental oral 

transmission of CWD to cervids through blood (225 mL intravenously) and saliva (50 mL 

orally) have been demonstrated. When cervids were exposed to urine and feces (85 mL urine 

and 112.5 g feces) transmission did not occur [168], however, contaminated fomites such as 

feed buckets and bedding, or even paddocks where CWD-infected animals were kept is 

sufficient to transmit CWD naturally to cervids [168,192,283].  

1.10 Where in the environment is CWD? 

1.10.1 Soils and CWD 

Scrapie research demonstrates that shed prions can contaminate the environment, forming 

reservoirs of infectivity and complicating disease control and eradication. Pastures formerly 

housing scrapie positive flocks remain infectious for over 15 years [284,285]. Pen furniture, 

such as water troughs and fence posts, can contribute much of this infectivity [286]. 

Replacement of contaminated pasture furniture with clean furniture reduces indirect 
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transmission (from 20/23 to 1/12 positive sheep after 11 months of exposure) [286]. CWD, 

like scrapie, can transmit through the environment, with 1/9 deer infected after one year of 

exposure to a paddock that had housed CWD positive animals two years prior [283]. Deer 

exposed to contaminated water, feed buckets, and bedding also became CWD positive after a 

year of exposure [168]. Serial PMCA experiments have also demonstrated how infectivity 

may be present in the areas around mineral licks, suggesting such areas could become 

hotspots for transmission, not just for cervids but for livestock [287]. 

Most studies on the environmental transmission of CWD have focused on prion interactions 

with soils, especially soil mineralogy. Compared to the complexity of the organic content of 

soils, soil mineralogy is relatively easy to standardize and, unlike most aerial vegetation, 

remains constant throughout the year, forming an ideal location for the formation of a 

reservoir of infectivity. The persistence of prions in soils likely plays a role in environmental 

transmission of CWD, similar to anthrax (Bacillus anthracis) transmission [288,289]. The 

composition of soils is highly variable, depending on the specific geology and climatic 

conditions of an area. Prions can tightly adsorb to some soil minerals, (i.e., montmorillonite), 

or interact weakly with others (i.e. quartz-type minerals) [290,291]. Mineral-associated prions 

not only remain infectious, but the binding to montmorillonite clays enhances both infectivity 

and resistance to degradation by rumen contents [190,290,292]. The link between soil 

composition and CWD prevalence is complex, likely due to the multiplicity of factors that 

impact CWD prevalence in these areas. One study found that CWD prevalence was 

correlated with clay content below 18% and pH over 6.6, speculating that these conditions 

would facilitate the release of infectivity from soil minerals [293], while another found that 

odds of CWD infection increased 8.9% for every 1% increase in clay content. Other studies, 

however, found CWD prevalence and soil clay content were unrelated 

[260,263,265,294,295]. One reason for these inconsistencies may be the length of time CWD 
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has been present in the study area, as it would take time to establish a reservoir of infectivity. 

As well, in vitro studies suggest that other soil components may complicate the interaction 

between soil and prions. Manganese oxides reduce infectivity in soils [296], and organic soil 

compounds such as humic acid, can reduce both infectivity and detection of prions [297–

299]. Multiple freeze-thaw cycles decrease the PMCA seeding activity of soil-bound prions 

[300], as do serine proteases produced by some lichens [301]. 

1.10.2 Vegetation and CWD 

Prions shed into the environment in saliva, feces, or urine may interact with a number of 

natural surfaces that compose the cervid habitat. The interactions cervids have with these 

contaminated materials will determine the routes of environmental CWD transmission. 

Precipitation and seasonal changes may affect the interactions of prions with environmental 

materials. Prions can adhere to plants and can be transmitted to a new host through both 

consumption and physical contact [302]. Interestingly, plants may absorb infectivity from 

contaminated soils, which was demonstrated by testing the PMCA seeding ability of barley 

plants grown in soil heavily contaminated with the hamster prion 263K [302]. This is not as 

remarkable as it might first appear, as the passive uptake of bacteria and viruses by a number 

of food crops has been well characterized [303]. It is, however, possible that the barley plants 

were contaminated when infectivity was first applied to the soil, rather than absorbed during 

the experiment. In a separate study, controlled to minimize inadvertent surface 

contamination, Rasmussen et al. (2014) did not find prion uptake by wheat plants, although 

their detection method was less sensitive [304]. In this experiment, wheat plants were grown 

in an agarose growth medium prior to the immersion of the cleaned plant roots into new, 

prion contaminated media. After exposure, the roots, leaves, and stem of the plants were 

separated and handled to limit potential cross contamination [304]. Detection was performed 
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using antigen-capture enzyme assays, which lack the prion amplification step of the Pritzkow 

study (2015). 

It is more likely that infectious biofluids will directly contaminate the aerial surfaces of 

vegetation. Prions readily adhere to surfaces, although this may be affected by the prion strain 

and the composition of the surface [302,305], and the adherence can be increased by drying 

[306]. However, the surfaces of vegetation are highly variable [307–311]. Many plant 

surfaces are covered with a waxy layer called cuticle, which affects how plants interact with 

water [312–315]. Greater water repellency, associated with high surface roughness, is 

associated with a lower level of contamination by small particles [315]. Surface roughness 

depends on the developmental stage [316] and can be altered by fungal colonization [317]. 

Variation in plant surface structure may also play a role in the indirect transmission of CWD 

through plants.  

1.11 Project overview 

Without a clear understanding of the epidemiology of CWD, our ability to model the spread 

of this disease and predict its effects is limited. This thesis has two main objectives. The first 

(Chapters 2-3) is to explore the diversity of North American CWD strains using Syrian 

Golden hamsters as a research model of host range. Differences in interspecies transmission 

could indicate different strains. The second objective (Chapter 4) is to detect CWD adhered 

to plant surfaces and to characterize the interaction between prions and vegetation. This work 

will increase our understanding of environmental prion interactions, aiding our efforts to 

understand, detect, and prevent the spread of CWD. 
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Table 1-1. Strains of CWD 

Strain 

name 

Host 

species 

Host 

genotype 

Compared to Rodent model Bioassay and histology evidence Biochemical evidence Note Citation 

CWD1 Various - CWD2 Tg(CerPrP)1536+/- 

express wildtype cervid 

PrP 

Shorter incubation period, 

symmetrical PrP deposition, more 

vacuolation in hippocampus and 

paraterminal body 

identical PrPres migration 

patterns and biochemical 

properties 

Strain switching/instability present [217] 

CWD2 various - CWD1 Longer incubation period, 

asymmetrical PrP deposition 

Wisc-1 WTD Wt/wt H95+ wt-PrPC TgDeer (tg33) 

S96-PrPC Tgdeer (tg60) 

hamsters 

C57Bl6 

Shorter incubation in wt-PrPC 

TgDeer, no transmission in S96-

PrPC TgDeer, transmission to 

hamsters but not wild type mice 

IHC/histology differences 

high MW migration pattern 

lower stability in GdnHCl 

  [219,221,318] 

H95+ WTD H95 Wisc-1 Longer incubation in wt-PrPC 

TgDeer, transmission in S96-PrPC 

TgDeer, transmission to wildtype 

mice but not hamsters 

IHC/histology differences 

low MW migration pattern 

and antibody epitope 

greater stability in GdnHCl 

  

A116G WTD G116 wt WTD (A116) tg(CerPrP132M)1536+/+ 

overexpress wt deer PrP 

shorter incubation period in wt 

cervidized mice 

Reduced RT-QuIC seeding 

capacity, less stable in 

GdnHCl than wt 

From free-ranging Alberta deer; 

Computer simulations demonstrate 

differences in stability and 

compactness 

[222] 

Elk L132 Elk L132  M132  M132 TgElk  Longer incubation period  

higher vacuolation in white matter 

tracts, PrPd differences 

lower PrPres migration more 

stable in GdnHCl  

  [193,223] 

Norway 

moose 

moose Wt (K109, 

M209) 

reindeer CWD 

(similar to ‘North 

American CWD’) 

none IHC differences, no IHC positive 

peripheral tissue,   

lower PrPres migration and 

antibody epitopes 

Found in older moose (>13 years 

old), proposed to be sporadic prion 

disease, different from Canadian 

moose CWD 

[319] 

 



26 

 

Table 1-2. Host range of CWD in livestock, domestic animals, and North American wildlife 

Exposed species Inoculum Method First passage clinical? WB or IHC positive Note Citation 

Cattle MD pool IC 4/13 (23-59 mpi) 5/13 No periphery PrPd [247] 

WTD pool IC 11/14 (18-26 mpi) 12/14 Periphery PrPd [248] 

Elk pool IC 2/14 (16-17 mpi) 2/14 No periphery PrPd [249] 

Suffolk Sheep MD pool IC 1 (36 months) 2/8 Clinical sheep only lamb heterozygous at codon 126 (AV), most of other animals ARQ, [246] 

Pigs WTD pool IC No 0/8 (6 mpi) 

0/10 (aged) 

5/6 positive by RT-QuIC 

6/7 positive by RT-QuIC 

[245] 

Oral no 0/10 (6 mpi) 

2/10 (aged) 

5/6 positive by RT-QuIC 

4/6 positive by RT-QuIC 

Domestic Cats MD isolate IC 2/5 (40-42 mpi) 2/5   [252] 

Oral 0/5 0/5   

Raccoon WTD pool IC No 1/4   [251] 

Elk pool 1 IC 1 /4 (23 mpi) 1/4   

Elk pool 2 IC No 0/4 Inoculum from an elk inoculated with MD CWD 

Ferrets MD isolate IC 2/2 (9.6-9.7 mpi) ND   [254] 

MD pool IC 3/3 (14.8-20.25 mpi) ND   

MD isolate IC 0 6/8   [244] 

Voles WTD isolates IC 18/18 meadow 

9/10 red-backed 

18/18 meadow 

9/10 red-backed 

Rodents inoculated with either wt or heterozygous S96 deer; not all rodents tested by WB/IHC [253] 

Mice 19/20 deer mice 

13/17 white-footed 

17/17 deer mice 

7/11 white-footed 

Mink Elk isolate IC 2/8 (31-33 mpi) 8/8   [250] 

oral 0/22 0/22   

IC: inoculated intracranially; MD: mule deer, WTD: white-tailed deer; WB: Western blot; IHC: immunohistochemistry
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Figure 1-1. Simplified space-filling representation of a steric zipper. A. Amino acid side 

chains interdigitate to form a steric zipper. B. The same protein sequence may form multiple 

steric zippers. C. Residue differences in heterotypic transmission may lead to steric hindrance 

(blue), preventing the formation of a steric zipper.
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Figure 1-2. Techniques used to differentiate prion strains. A. Different histological stains 

used in prion disease. B. Example of migration differences between two strains. The first lane 

contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). 
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2.1 Abstract 

Chronic wasting disease (CWD) is an infectious neurological disease affecting cervids whose 

geographic range is expanding. The transmission barrier of a prion disease is due to 

the compatibility between the invading prion and the host PrP and is dependent on the strain 

properties of the invading prion. Infection of deer expressing the H95 PrP variant with the 

Wisc-1 CWD strain led to the emergence of H95+, a distinct prion strain. To determine if the 

two strains had different host ranges, we inoculated CWD from white-tailed deer expressing 

four different genotypes into mice and hamsters. Wisc-1, present in deer expressing at least 

one wildtype allele, was able to infect hamsters, but not mice. Conversely, mice were 

susceptible to CWD from deer expressing the H95 PrP variant (strain H95+), with low levels 

of transmission to hamsters. In addition, two PrPres migration patterns were present in 

hamsters infected with these CWD inocula, perhaps emerging from the amplification of 

minor PrPSc isoforms generated during the heterotypic transmission between cerivds of 

different genotypes or during the interspecies transmission between the cervids and hamsters. 

The altered host range of H95+ compared to Wisc-1, and the amplification of two distinct 

PrPres migration patterns in hamsters, demonstrates the importance of strain characterization 

in understanding transmission barriers.  

2.2 Introduction 

Chronic wasting disease (CWD) is an infectious neurological prion disease affecting cervids 

in North America, South Korea, and Scandinavia [150,152–154]. CWD, like all prion 

diseases, is caused by the templated misfolding of the prion protein (PrP), a widely conserved 

protein found throughout the body, but especially in the central nervous system of all 

mammals and most vertebrates. Distinct prion diseases, called strains, can be stably 

propagated under standard passaging conditions, that is, in animals of the same species or 

transgenic line [94,95]. Strains vary both in their pathophysiology, including clinical signs 

and histopathology as well as their biochemical properties [90–93]. Strains can also be 
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differentiated by their host range, or the ability of a strain to transmit to a new host with a 

dissimilar PrPC sequence (heterotypic transmission). These transmission differences are likely 

due to the ability, or in the case of a complete transmission barrier, inability, of the strain to 

act as a template to the PrPC of the novel host [98,99,320]. Even when heterotypic 

transmission is successful, reduced replication fidelity due to a mismatch between PrPSc and 

PrPC can lead to strain mutation or novel strain emergence [92,93,95,147,216,219,222,251].  

Given the epizootic nature of CWD, understanding the species barriers between cervids and 

livestock or humans is of utmost importance for veterinary and human health. Unlike PrPC, 

PrPSc is composed of fibrils of stacked β-sheets, likely forming a four-rung β-solenoid 

structure [33–40]. β-sheets are formed by hydrogen bonding between amino acid backbones, 

leaving the amino acid side chains free to interact. It is thought that these side chains 

interdigitate, forming what is called a steric zipper, and that this stabilizes the prion fibril, 

aiding in conversion of PrPC to PrPSc [41]. It has been posited that these side chain 

interactions are key to understanding host range. During heterotypic conversion there is a 

mismatch in these amino acid side chains. If the mismatched side chains are still able to 

interdigitate, conversion of the PrPC will occur and the prion strain will transmit. However, 

PrPC conversion will be hampered if there is a mismatch where steric hindrance or charge 

prevents the meshing of the amino acid side chains, resulting in a transmission barrier [175]. 

A number of amino acid residues may impact steric zipper formation, especially bulky or 

charged residues located in the β2-α2 loop of PrPC. These include residues 169, and 174 in 

the β2-α2 loop and several asparagine and glutamine residues in other locations 

[176,177,321].  

A number of PrP polymorphisms affect CWD prevalence [182–189], including H95, S96, 

and A116 in white-tailed deer (wildtype is Q95, G96, and G116), F225 in mule deer 

(wildtype is S225). These polymorphisms are not located in the β2-α2 loop and cannot be 
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explained through asparagine substitutions, nor result in a complete transmission barrier. 

Understanding how these common polymorphisms affect the strain characteristics of CWD, 

especially host range, is important to understanding the future risks of this disease. A number 

of PrP polymorphism located in the N-terminal are important in modulating the transmission 

some prion diseases, including codons 129 [75,178] and 127 [181] and codon 108, in 

conjunction with codon 189, in mice (PrPa: L108/T189, PrPb: F108/V189) [322], as well as 

residues 108 and 111 in transgenic mice [323]. There are also GSS-linked polymorphisms in 

this area of PrP, including P102 and P105 (wildtype: L102 and L105) [324,325]. The two 

human codon 129 variants do not differ in PrPC conformation or stability, although codon 

129 appears to play a role in steric zipper formation which could prevent the initial nucleation 

step of PrPSc aggregation [326]. Human codon 127 also appears to be part of the same steric 

zipper sequence and modulates the conversion of PrPC, but not gross PrPC structure or 

stability [327,328]. Similarly, murine codons 108 and 189 also appear to affect the nucleation 

step of prion misfolding [329]. GSS-linked substitutions of leucine for proline at codons 105 

and 102 accelerate in vitro PrP conversion, perhaps by altering the arrangement of 

surrounding cationic residues and interaction with potential cofactors [330]. In deer, the 

difference between polar glutamine to the positively charged histidine at codon 95, or 

between non-polar glycine to polar serine at codon 96 may similarly alter residue 

interactions, likewise modulating the transmission barrier of CWD. 

Deer expressing the H95 and S96 PrP alleles had extended incubation periods when orally 

dosed with CWD [190] compared to wildtype deer (Q95 and G96) and have altered 

peripheral PrP deposition patterns [164]. Further examination of these polymorphisms 

through heterotypic and homotypic bioassay in transgenic mice expressing cervid PrP and 

through biochemical studies demonstrated that a new strain, H95+, emerged through the 

passaging CWD through deer expressing the H95 polymorphism (wt/H95 or H95/S96), while 
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deer expressing one or more wild-type alleles (wt/wt, wt/H95, wt/S96) propagate the strain 

Wisc-1 [219]. Wisc-1 prions are less stable in GdnHCl than H95+ prions, while the PrPSc 

from heterozygous deer contained greater conformational heterogeneity than the homozygous 

PrPSc, which is reduced upon serial passage [318]. This demonstrates how heterotypic prion 

transmission can lead to an expansion of PrPSc conformation heterogeneity, which may alter 

host range. In this study, the host range of CWD from deer expressing different PrP alleles is 

compared using wild type mice and hamsters, demonstrating how the heterotypic 

transmission of CWD can cause the expansion of CWD host range. 

2.3 Methods 

This study was carried out in accordance with the guidelines of the Canadian Council on 

Animal Care and approved by the Animal Care and Use Committee: Health Sciences at the 

University of Alberta.  

2.3.1 Rodent Infections 

Four brain homogenates were prepared from clinical, experimentally infected white-tailed 

deer (Odocoileus virginianus) of defined genotypes [218]. Weanling C57Bl/6 and FVB mice 

were intracerebrally inoculated with 30 µL of a 1% deer homogenate, wt/wt (homozygous 

Q95, G96), wt/H95 (heterozygous wildtype and H95, G96), wt/S96 (heterozygous wildtype 

and Q95, S96), and H95/S96 (heterozygous H95, G96 and Q95, S96). Weanling Syrian 

Golden hamsters (Mesocricetus auratus), purchased from Envigo, were intracerebrally 

inoculated with 50 µl of 10% cervid brain homogenates. Animals were monitored for the 

onset of clinical signs and euthanized when clinical disease was established. The 

experimental endpoints for animals not displaying clinical signs were 708 dpi for mice and 

659 dpi for hamsters. Brains were removed, cut in half sagittally, with half used for making 

brain homogenates and the other half fixed in formalin. To make the brain homogenates, the 

samples were homogenized to 10% (wt/vol) in HyClone Ultrapure water (FisherScience). For 



34 

 

the second hamster passage, 50 µL of 10% first passage hamster homogenates were 

inoculated (intracranially, i.c.) into weanling hamsters. Hamsters were monitored for onset of 

clinical disease and euthanized when clinical disease established. The wt/wt CWD isolate had 

previously been passaged three times in hamsters until the incubation period stabilized. This 

inocula is referred to as hamster-adapted CWD (hCWD). The incubation periods and 

standard deviation were calculated using Microsoft Excel. 

Unlike the first hamster passage samples, hCWD should be fully adapted to its new host and 

is unlikely to be heterologous. Second passage hamsters were weighed at 38 and 46 weeks 

post infection by individually transferring them into a cage on top of a tared scale. These time 

points coincided with noticeable differences in mass at 38 weeks without evidence of clinical 

signs and overt disease in wt/wt and hCWD inoculated hamsters at 46 weeks. The hamster 

weights at each week were compared by one-way ANOVAs, using Tukey’s HSD test for post 

hoc analysis at the p<0.05 level. The statistical analysis of transmission experiments was 

performed with GraphPad Prism (version 5.04) software. 

2.3.2 Immunoblotting and the detection of PrPres 

PrPres was detected following proteinase K digestion and immunoblotting as described in 

Appendix I. In brief, 10μL of brain homogenate was digested for 45 minutes with 50 μg/μL 

(final concentration) proteinase K. Immunoblots were performed as described in Appendix 4. 

Immunoblots were probed using 3F4 (a kind gift from Richard Rubenstein, SUNY-

Downstate) for hamsters or SAF83 (Cayman Chemical, Michigan) for mice at a dilution of 

1:10 000.  

2.3.3 Histopathological analysis 

The formalin fixed sagittal sections were embedded and sectioned as in Appendix 8. Serial 

sections were processed for lesion profiling and immunohistochemistry (Appendix 8). 

Sample embedding, sectioning, and staining were performed by Hristina Gapeshina in the 
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CPPFD histology core. Slides were scanned using a NanoZoomer 2.0RS (Hamamatsu 

Photonics) and analyzed using NanoZoomer digital pathology software (Hamamatsu 

Photonics). Lesion profiling was performed as previously described [114]. In brief, for each 

brain, three trained individuals, including myself, evaluated 10 different regions on a scale of 

0-4 based on severity of the spongiosis (Figure 1). Identification of brain structures was 

performed using a hamster brain atlas [331]. The average of the three graders’ scores were 

calculated. The lesions profile itself presents the average score of each brain section, 

composed of at least 3 different hamster brains scored as above, using GraphPad Prism 

(version 5.04) software. 

2.4 Results 

2.4.1 First passage rodent transmission 

Hamsters and mice were intracerebrally inoculated with 4 different CWD brain homogenates 

from white-tailed deer expressing different PrP alleles, wt/wt, wt/H96, wt/S96, and H95/S96. 

Five hamsters showed signs of clinical disease, three inoculated with the wt/wt CWD isolate 

and one each from the wt/H95 and the wt/S96 homogenates (Table 2-1). However, the 

majority of the animals were PrPres positive by immunoblot, suggesting they were 

subclinically infected. Transmission with the H95/S96 isolate was inefficient, with no 

animals presenting with clinical disease and only one of eight hamsters accumulating 

detectable levels of PrPres. Clinical signs of CWD in hamsters were initially subtle, 

progressing into lethargy and ataxia. In contrast to the hamster results, all C57Bl/6 mice 

inoculated with the H95/S96 isolate presented with clinical prion disease with an average 

incubation period of 575±47 dpi, while five of the 7 mice inoculated with the wt/H95 inocula 

developed clinical disease with an average incubation period of 692±9 dpi, the other two 

mice accumulated PrPres. The other two inocula (wt/wt and wt/S96) did not result in infection. 

Transmission was similar in the FVB mice, with clinical signs present in 3 of 8 mice from 

both the wt/H95 and H95/S96 transmissions (474±136 dpi and 551±143 dpi, respectively), 
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and none in FVB mice inoculated with wt/wt and wt/S96. Clinical signs in both C57Bl/6 and 

FVB mice included ataxia, lethargy, tail rigidity, and dermatitis. 

2.4.2 Hamster-adapted CWD 

Prior to the commencement of these experiments, the wt/wt CWD white-tailed deer inocula 

was adapted to hamsters by passaging it three times until the incubation period stabilized at 

371 dpi (Table 2-2). This hamster-adapted CWD was used as a positive control in these 

experiments. Clinical signs in third-passage hamster-adapted CWD (hCWD) began with the 

onset of mild ataxia, which progressed into severe ataxia, lethargy, tremors, and dystonic 

movement such as retrocollis. Clinical signs progressed over a period of two months. PrPres 

migration patterns were similar between inocula, but signal strength varied (Figure 2.2). 

2.4.3 Histopathological analysis 

Lesion profiling and immunohistochemistry was performed on sagittal brain sections from 3-

4 hamsters from each inocula and from hCWD. PrP deposition (PrPd) was present in 

all brains infected with wt/wt, wt/H95, wt/S96, and hCWD inocula (Table 2-1). PrP 

deposition was not present in any of the hamsters inoculated with H95/S96 inocula. The 

single PrPres positive H95/S96 hamster was not analyzed as the brain was not properly 

sectioned during necropsy. 

In all PrPd positive samples, staining was diffuse and most evident in the hindbrain, superior 

and inferior colliculus, and thalamus (Figure 2-3). Unsurprisingly, staining was most intense 

in the hCWD-inoculated hamsters. PrPd staining intensity varied between individual 

hamsters, being most pronounced in animals infected with wt/wt isolate, and least 

pronounced in wt/H95 isolate-inoculated hamsters. Interestingly, vacuolation was present in 

all animals, including those negative for both PrPd and PrPres (Figure 2-4). Vacuolation was 

most prominent in the inferior and superior colliculus and evident in the thalamus and 

hindbrain of all samples. Similar lesion profiles were observed in all samples, although the 
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hCWD samples had a higher magnitude of vacuolation in every brain region except the 

cerebellum and the pons (Figure 2-5). There was no difference between PrPd positive and 

negative lesion profiles from first passage hamsters.  

2.4.4 Second passage hamster transmission 

We performed second hamster passages of the four inocula. One sample from each genotype 

was used to inoculate a second passage of hamsters. Each inocula had not been previously 

screened for PrPres. The wt/wt second passage inoculum was from a hamster (hamster 8000C) 

that was strongly positive by immunoblot. The wt/S96 second passage inoculum (hamster 

8005C) was faintly positive by immunoblot. Both the wt/H95 and H95/S96 second passage 

inocula (hamsters 8007C and 8009C, respectively) were negative by immunoblot. We also 

inoculated hamsters with a western blot positive sample from fourth passage hCWD (from 

hamster 8110A). A second hamster passage was also performed using the blot-positive first 

passage sample from H95/S96 (hamster 8010A). Hamsters were euthanized upon the 

appearance of clinical symptoms or at 502dpi. Clinical signs were similar to those observed 

in the first passage and in hCWD, with the addition of dystonic movement, specifically 

retrocollis, and tremors. The clinical course, from the observation of first clinical signs to 

terminal stage, was approximately two months. Wt/wt animals presented with clinical disease 

at 368-377 dpi (372.5±5.2 dpi) (Table 2-3). Two of the wt/S96 animals were clinical at 418 

and 433 dpi. None of the wt/H95 animals or H95/S96 animals were clinical at 502dpi. When 

screened by immunoblot, PrPres was present in the wt/wt, wt/H95, and wt/S96 isolates, but 

not in the H96/S96 isolate. The PrPres of the wt/H95 second passage samples have a slightly 

lower molecular weight than the other samples, 20kDa compared to the 21kDa molecular 

weight of the other samples (Figure 2-6). All hamsters inoculated with the single H95/S96 

positive sample were clinical (368±19.3 dpi) at a similar incubation period and with similar 

clinical symptoms and migration pattern as the second passage of wt/wt inocula (Table 2-3). 
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To compare these second hamster passages to hamster-adapted CWD, we inoculated 

hamsters with fourth passage hCWD (hamster 8110A). All hamsters inoculated with hCWD 

were euthanized with clinical signs between 328 and 368dpi (348±23.1 dpi) (Table 2-3). 

A month prior to the onset of clinical signs I noticed that hamsters inoculated with the 

hCWD, wt/wt, and wt/96 first passage inocula (which later became clinical) were heavier 

than hamsters inoculated with the wt/H95 or H95/S96 first passage inocula. By comparing 

the hamster weights I determined that hamsters inoculated with the hCWD (week 38: 

242.8±27.6 g ; week 46: 185±37.6 g) and wt/wt (week 38: 225±7.7 g ; week 46: 158.8±18.4 

g) inocula were heavier than the wt/H95 (week 38: 164.7±9.5 g; week 46: 166.3±13.5 g) and 

H95/S96 (week 38: 165.5±21.4 g; week 46: 157.3±25.6 g) inoculated hamsters at week 

38 (F(4, 13)=9.08, p=0.00099), but not at week 46 (F(4, 13)=2.61, p=0.084) when the wt/wt 

and hCWD inoculated hamsters were displaying clinical signs (Figure 2-7). Hamsters 

inoculated with wt/S96 were not significantly different from the other inocula groups at either 

time point. 

2.5 Discussion 

Prion polymorphisms in a similar location as the H95 and S96 substitutions have played a 

role in the host range and incubation periods of prion disease, including residues 127 and 129 

in humans and residue 108, along with 138, in mice [75,178,181,322,323]. Previous work in 

my lab demonstrated how the transmission of CWD into deer expressing the H95 

polymorphism led to the emergence of a novel CWD strain, H95+ [219]. Wisc-1, from deer 

expressing at least one wildtype allele, transmitted to hamsters but not to either of our wild-

type mouse models. Conversely, H95+ transmitted to both mouse models but poorly in 

hamsters (Table 2-1). This demonstrates how a PrP polymorphism can alter the strain 

properties, such as host range, of CWD. The mechanism by which the glutamine to histidine 

substitution alters PrPSc conformation is unclear, although substitutions in similar areas 
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appear to affect the initial nucleation step of amyloid formation [326,329]. The histidine 

substitution may change the cervid PrPSc in such a way to hamper the conversion of hamster 

PrP, while promoting murine PrPSc formation. 

2.5.1 Wisc-1 CWD in hamsters 

The histopathological, clinical, and biochemical similarities in the hamsters infected with the 

wt/wt, wt/S96, and H95/S96 inocula suggest that the hamster transmission of these isolates 

was due to the same strain, namely Wisc-1. The different incubation periods of the second 

hamster passage of the inocula containing Wisc-1 (wt/S96 and wt/wt) were likely due to the 

different titres in the first passage sample, and not strain-related transmission differences. The 

first passage wt/S96 sample used for the second passage had a fainter signal by immunoblot 

than the wt/wt sample with a corresponding delay in the onset of clinical signs (Table 2-3). 

Only one hamster inoculated with the H95/S96 inocula showed signs of prion infection. The 

first passage PrPres, as well the second passage incubation period and clinical signs, was very 

similar to the other Wisc-1 samples, suggesting that transmission might have been due to the 

presence of a small amount of Wisc-1 rather than transmission of H95+ or some other minor 

PrPSc conformation that emerged as a result of the H95 polymorphism. 

A month before the onset of neurological signs in wt/wt and hCWD-infected hamsters I 

observed an increase in hamster mass. To confirm this, I weighed the hamsters at week 38, 

prior to the onset of clinical signs, and week 46, when some hamsters were overtly clinical. 

Hamsters inoculated with Wisc-1 (wt/wt or hCWD) were significantly heavier than the 

H95/S96 or wt/H95 inoculated hamsters, which did not develop clinical signs. This difference 

disappeared as the disease progressed (Figure 2-7). Preclinical weight gain is also a feature of 

the hamster prion diseases 139H and WST [332,333]. The similarity to WST is especially 

interesting, as WST also originated from CWD and shares a similar incubation period and 

disease course as our hamster-passaged Wisc-1. However, care should be taken in comparing 
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WST and hCWD, as WST emerged after passaging CWD through mice overexpressing 

hamster PrP [332]. The expression levels of PrPC plays a role in which strains will emerge 

during transmission into a new host [109], which may have altered how CWD adapted to the 

hamsters. 

2.5.2 Novel molecular shift in hamsters infected with wt/H95 

The wt/H95 inocula samples had a lower molecular weight in the second passage compared 

to the other samples (Figure 2-6). While this shift may be due to the H95 allele, a 

corresponding shift was not observed in the H95/S96 samples, which instead appeared 

identical to the hamster-passaged Wisc-1 samples (Figure 2-6). It’s possible that the low 

molecular weight hamster PrPSc originated not from H95+ itself, since it was not evident in 

the hamster-passaged H95/S96 inoculum, but instead due to some other novel PrPSc 

conformation that emerged during the heterotypic transmission of CWD [318]. If this is the 

case, this new structure may have became discernible in the second passage wt/H95 samples 

due to the low titre of the infecting inocula, given that the first passage hamster sample used 

to infect the second wt/H95 passage was PrPres negative. Thus, the wt/H95 bioassays may 

have functioned as a high dilution passage, allowing the emergence of a minor PrPSc structure 

[145]. This low migration pattern was associated with a prolonged incubation period (Table 

2-3), although this might be a result of the low titre of the inocula instead of a feature of this 

distinct structural conformation. 

2.5.3 Histopathology 

Lesion profile analysis was not useful for discerning strain differences in very old hamsters 

(i.e., the majority of the first passages). Lesions were present in both PrPd positive and PrPd 

negative brains (Figure 2-5B), suggesting these lesions are idiopathic rather than disease-

related. Gerhauser (2013) also observed idiopathic spongiosis in hamsters at two years of age 

[334]. PrPd deposition in the brains of hamsters from the first passage were similar, if less 
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intense, to the PrPd of hCWD samples (Figure 2-5), consistent with the adaptation of Wisc-1 

to hamsters. Vacuolation was also more intense in the hamster-adapted Wisc-1. As these 

animals were clinical at 1 year post-inoculation when, based on the Gerhauser study, 

idiopathic vacuolation was minimal, it is likely these lesions are due to prion infection. It is 

interesting that both idiopathic and prion-related spongiosis occur in the same brain regions, 

perhaps due to these areas being at increased vulnerability to stress [335,336]. 

2.5.4 Relation to previously published literature 

Previous studies of CWD host range have also demonstrated inconsistency in the 

transmissibility of CWD to hamsters (Table 2-4). Some CWD inocula do not transmit to 

hamsters at all, while another inoculum not only transmitted to hamsters, but had an 

incubation period under 100 days [244,255]. Like my hamster experiments, these studies 

demonstrate how diverse CWD is using the lens of host range; however, due to differences in 

experimental methods, it is difficult to directly compare the results of these studies. I 

previously mentioned the similarities between hamster-passaged Wisc-1 and WST; however, 

unlike in my study, the primary passage of CWD that was used in the characterization of 

WST was performed in transgenic mice overexpressing hamster PrP [332]. This is 

problematic, as the expression level of PrP can drive the evolution of strains [109]. Thus, 

WST and CHY, another strain generated from that initial transgenic passage, may not 

realistically reflect the host range of CWD. In another study, Raymond et al (2007) 

inoculated hamsters with CWD from three different cervid species [255]. This study found 

differences in the hamster infectivity of these inocula, from a lack of transmission from the 

white-tailed deer inocula, to transmission to 86% of hamsters from the mule deer inocula. 

They also observed differences in incubation period between the hamster-passaged elk and 

mule deer isolates (427±53 dpi vs. 85±0 dpi). It should also be noted that the inocula used in 

these experiments were made using pools of brain homogenate from cervids containing a 
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variety of genotypes, some of which were not fully characterized [239]. Similar to what I 

observed in the wt/H95 inocula, this may have allowed minor PrPSc conformations to transmit 

to the hamsters and become more prominent (Figure 2-6).  

2.5.5 Conclusions 

The host range of H95+ was shown to be quite different compared to that of its parent strain, 

Wisc-1, highlighting the importance of strain characterization when defining transmission 

barriers. Previous CWD transmission studies in hamsters have also demonstrated the 

variability of the CWD host range [244,255,332]. These results demonstrate how PrP 

polymorphisms such as H95 can increase the diversity of CWD showing the dynamic nature 

of this disease, but also how a series of heterotypic transmission may result in the propagation 

of previously generated minor PrPSc species. The heterogeneity of CWD hamster infectivity 

raises concern about the CWD transmission potential to other, more relevant, species, such as 

livestock and humans. Although a number of studies in transgenic mice have demonstrated 

that the zoonotic risk of CWD is low [230,234], a greater understanding of CWD strains is 

necessary to predict the consequences of this panzootic.
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2.6 Tables and Figures 

 

Figure 2-1. Scoring scale used to visually assess the lesion density in sagittal brain sections. 

Sections are scored on a scale of 0-4, as shown here. Score 0 (a) has no lesions, with the 

degree of vacuolation increasing in score 1 (b), 2 (c), 3 (d), until the entire field is filled with 

coalescing vacuoles (score 4, e). Taken from Ligios et al. 2002 [337]. 
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Table 2-1. Primary transmission of CWD isolates from experimentally infected deer of 

different PrP genotypes (wt/wt, wt/S96, wt/H95, H95/S96) to hamsters and wildtype mice.  

Animal model Inocula N Clinical PrPres + Incubation Period (dpi) IHC+ 

Hamster Wt/wt 8 3 8 652, 653, 653 3/3 

Wt/S96 8 1 6 634 3/3 

Wt/H95 8 1 7 652 3/4 

H95/S96 8 0 1 - 0/3 

C57Bl/6 

(Prnpa/a)  

Wt/wt 6 0 0 - ND 

Wt/S96 6 0 0 - ND 

Wt/H95 7 5 7 669, 671, 706, 706, 706 ND 

H95/S96 7 7 7 306, 593, 593, 593, 673, 675 ND 

FVB 

(Prnpa/a)  

Wt/wt 5 0 0 - ND 

Wt/S96 6 0 0 - ND 

Wt/H95 8 3 8 363, 432, 626 ND 

H95/S96 8 3 
 

432, 512, 710 ND 

* Experiment was ended at 708 dpi for mice and 659 dpi for hamsters. Adapted from Herbst 

et al. 2017. ND: not done
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Figure 2-2. Variable PrPres signal intensity following the first passage of deer inocula into 

hamsters. Proteinase K (PK) digested hamster brain homogenate (+ is digested, - is 

undigested) was digested in 50 µg/mL of PK and incubated for 45 minutes at 37°C. The 

origin of the isolate inoculated into the hamsters is shown below the immunoblot; either the 

genotype of the deer from which the sample originated (wt/wt, wt/S96, wt/H95, or H95/S96), 

or serial passaged, hamster-adapted CWD (hCWD). The first lane contains the protein ladder 

demonstrating molecular weight in kilodaltons (kDa). Primary antibody: 3F4.  
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Table 2-2. Creation of hamster-adapted CWD (hCWD) by adapting CWD from wildtype 

white-tailed deer to hamsters through serial passaging. 

  Incubation period (dpi) Note 

Second passage 344±5.6 Euthanized upon the onset of early clinical signs 

Third passage 371±18   

Fourth passage 371±24   
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Table 2-3. Second passage of CWD isolates to hamsters, with a description of the first 

passage sample used for the second passage inoculation. The initial cervid isolate is either the 

genotype of the deer from which the sample originated (wt/wt, wt/S96, wt/H95, or H95/S96), 

or hamster-adapted CWD (hCWD). 

Initial cervid 

isolate 

Inocula First passage PrPres 

description 

N Clinical Incubation Period 

(dpi) 

PrPres+ 

Wt/wt 8000C  Strong blot positive 4  4 373±5.2  4 

Wt/S96 8005C  weak blot positive 3 2*  426±10.6  3 

Wt/H95 8007C  blot negative 3 0 - 3 

H95/S96 8009C blot negative 4 0 - 0 

8010A blot positive 8 8 368±19.3  8 

hCWD 8110A strong blot positive 4 4 348±23**  4 

*The single non-clinical hamster was euthanized at 368dpi due to intercurrent disease; **Half 

of hamsters euthanized upon the onset of clinical signs. IC: euthanized due to intercurrent 

disease 
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Figure 2-3. Variable signal intensity of PrP deposition the inferior superior colliculus of the 

first passage hamsters inoculated with different CWD isolates. The indicated area is the 

inferior colliculus. The label indicates the origin of the sample used to inoculate the hamsters, 

either a white-tailed deer with a certain PrP genotype (wt/wt, wt/S96, wt/H95, or H95/S96), 

or hamster-adapted CWD (hCWD). Primary antibody 3F4. 
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Figure 2-4. Vacuolation in the inferior and superior colliculus of the first passage hamsters 

inoculated with different CWD isolates. The indicated area is the inferior and superior 

colliculus. The label indicates the origin of the sample used to inoculate the hamsters, either a 

white-tailed deer with a certain PrP genotype (wt/wt, wt/S96, wt/H95, or H95/S96), or 

hamster-adapted CWD (hCWD). Primary antibody 3F4. 
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Figure 2-5. Similar lesion profiles from hamsters following the first passage of deer inocula. 

Areas scored included the corpus callosum (1), central nuclei (2), hippocampus (3), thalamus 

(4), hypothalamus (5), midbrain (6), pons (7), medulla (8), cerebellum (9), and inferior and 

superior colliculus (10). The label indicates the origin of the sample used to inoculate the 

hamsters, either a white-tailed deer with a certain PrP genotype (wt/wt, wt/S96, wt/H95, or 

H95/S96), or hamster-adapted CWD (hCWD).



51 

 

 

 

Figure 2-6. PrPres from the brains of hamsters following the second passage of CWD to 

hamsters. A. Samples were digested for 45 minutes in 50 µg/mL proteinase K at 37ºC. B. 

Proteinase K digested samples compared to PNGase f digested samples. The first lane 

contains the protein ladder demonstrating molecular weight in kilodaltons (kDa). The 

genotype of the deer the CWD isolate originated in (wt/wt, wt/S96, wt/H95, or H95/S96) is 

shown below the immunoblot. Primary antibody: 3F4 1:10000. 
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Figure 2-7. There was a significant difference in weights of hamsters inoculated with 

different inocula at week 38, but not at week 46. Wt/wt and hCWD hamsters were heavier 

than both wt/H95 and H95/S96 hamsters at week 38 (wt/wt vs. both wt/H95 and H95/S96 

p<0.01; hCWD vs. both wt/H95 and H95/S96 p<0.05), but not at week 46 (p>0.05). The label 

indicates the origin of the CWD sample, either a white-tailed deer with a certain PrP 

genotype (wt/wt, wt/S96, wt/H95, or H95/S96), or hamster-adapted CWD (hCWD).
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Table 2-4. Summary of prior CWD isolate transmission into Syrian Golden hamsters. 

Inoculum % Transmission 2nd passage incubation 

period  

Note Citation 

Elk pool 28.6 427±53 Inocula contained 

heterologous genotypes 

  

[255] 

MD pool 85.7 85±0 

WTD pool 0 NA 

MD 

isolate* 

0** NA   [244] 

WTD 

isolate* 

ND*** 379±3 WST strain [332] 

479±6 CHY strain [338] 

*Isolate genotype not reported; **no clinical signs at 1 year; ***Primary passage performed 

in transgenic mice overexpressing hamster PrP 
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3 Heterogeneity of hamster transmissibility of free-ranging 

CWD isolates 
 

Data in this chapter has been included in two manuscripts, one currently submitted to a peer-

reviewed journal as: Samia Hannaoui, Elizabeth Triscott, Camilo Duque Velásquez, Sheng 

Chun Chang, Maria Immaculata Arifin, Irina Zemlyankina, Xinli Tang, Trent Bollinger, 

Holger Wille, Debbie McKenzie, Sabine Gilch (2020). Cervid polymorphism at codon 116 of 

the Prnp gene generates new and distinct chronic wasting disease strains.  

 

The other manuscript is currently in preparation (Triscott E, Duque Vélasquez C, Herbst A, 

Aiken JM, McKenzie D). 
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3.1 Abstract 

The geographical area affected by Chronic Wasting Disease (CWD), an infectious prion 

disease of farmed and free-ranging cervids, is expanding throughout North America, 

Scandinavia, and Korea. A given prion disease can be represented by strains, which differ in 

a number of characteristics, including host range. To assess the diversity of CWD strains 

currently present in free-ranging Canadian cervids, I characterized the host range, and thus 

strain variability, of 23 hunter-harvested CWD isolates by comparing their transmissibility 

into Syrian Golden hamsters. In addition, thirteen of the isolates were also inoculated into 

transgenic cervidized mice to assess the relative levels of infectivity present in each sample. I 

was able to separate 13 of the isolates, which contained similar infectious titres according to 

the mouse transmission data, into three categories of their hamster transmission properties: 

low (0-15%) hamster transmission (3 isolates, all from a similar geographic location), high 

(83-100%) hamster transmission (3 isolates, all from WTD), while the others (7 isolates, 

primarily MD) transmitted to 50-67% of the hamsters. Immunoblot analysis of the hamster 

PrPres from these transmission assays identified two different migration patterns: ‘A’ (21 

kDa) and ‘B’ (20kDa). Upon the second passage of these samples, a double unglycosylated 

band was observed, which was associated with an extended incubation period, both features 

of a strain mixture. These data indicate that, while these isolates appear similar in their native 

host, they vary in their transmission properties, suggesting the presence of multiple, 

coexisting CWD conformers, raising concerns for interspecies CWD transmission. 

3.2 Introduction 

Chronic wasting disease, an infectious prion disease of cervids, exists throughout North 

America, South Korea, and Scandinavia. Several cervid species have been naturally infected 

with CWD, including mule deer, white tailed deer, elk, reindeer, moose, red deer, and sika 
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deer. Several CWD strains, which differ in their pathological and biochemical characteristics, 

have been identified in deer and elk, including CWD1, CWD2, A116G, Wisc-1, and H95+ 

[217,219,339]. In addition, CWD from Norwegian moose has a number of unique 

characteristics and is theorized to be a novel, spontaneous prion disease [154,319]. In 

addition to affecting the pathophysiology and epidemiology, strains may vary in their 

interspecies transmissibility, or host range. Therefore, characterizing the strains of CWD by 

examining host range is important in understanding the ramifications of CWD not only in the 

cervid populations, but also to predict the likelihood of interspecies transmission to other 

wildlife, livestock, and humans. 

The existence of prion strains hindered the acceptance of the protein-only hypothesis 

[90,340] as it was difficult to explain how multiple distinct, stable disease phenotypes could 

arise from the misfolding of identical proteins. It was later theorized that PrP misfolds into 

specific PrPSc conformations during prion disease, and differences in these misfolded 

conformations could give rise to different strains [100], reconciling strains and the protein-

only hypothesis. Structural studies, to date, lack the resolution to directly compare the PrPSc 

structures of different strains, however, indirect evidence supports these structural 

differences. Different PrPSc conformations may also vary in their immunoblot migration and 

glycosylation patterns, likely because differences in conformation can alter protease cleavage 

sites [100], and strains may selectively incorporate mono-, di-, or unglycosylated PrP [96,97]. 

As well, alterations in protease cleavage sites means different antibody epitopes are preserved 

and exposed, allowing some strains to be differentiated by the binding of certain antibodies 

[99,103,219]. Differences in β-sheet stability may also alter the stability of prion strains in 

detergents or guanidine [98,101] and change their resistance to protease digestion [99]. 

Biochemical differentiation of strains is usually secondary to the observation of distinct 

clinical and histological differences, including length of incubation periods, clinical signs, the 
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location and severity of vacuolation and PrPd in the central nervous system, and host range 

[94,95,341]. How, exactly, differences in PrPSc conformation lead to such pathological 

variation is unclear. 

Interspecies transmission has been central to the study of prion epizootics. A number of BSE 

isolates from the same outbreak had identical histopathology and host range [55], implying 

that this epizootic was caused by a single strain. This is in contrast to scrapie, which appears 

much more heterogeneous [209–211]. Furthermore, similarities in neuropathology between 

bovine spongiform encephalopathy (BSE), variant Creutzfeldt-Jakob’s Disease (vCJD), and 

feline spongiform encephalopathy (FSE) allowed researchers to link these novel human and 

feline diseases to the consumption of prion-contaminated beef [55,342,343]. In contrast, 

experimental transmission of scrapie isolates to various laboratory rodents has given rise to a 

number of distinct strains, such as 263K in hamsters, and RML and ME7 in mice 

[173,174,340]. It should be noted that the cross-species stability of BSE is not typical of prion 

strains, as transmission to a new host can alter strain properties [91,94]. In this study, we 

analysed the interspecies transmission characteristics from a number of CWD isolates, 

predominantly Canadian CWD isolates, to Syrian Golden hamsters. By comparing the 

transmission of CWD into the hamsters, and the characteristics of the hamster passaged 

CWD, we will discuss the similarity of CWD to other prion epizootics, yielding a greater 

understanding of how CWD strains exist in free-ranging cervids. 

3.3 Methods 

This study was carried out in accordance with the guidelines of the Canadian Council on 

Animal Care and approved by the Animal Care and Use Committee at the University of 

Alberta.  
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3.3.1 CWD isolates 

Eleven hunter-harvested CWD samples were obtained from the Saskatchewan CWD tissue 

bank via Dr. Trent Bollinger (University of Saskatchewan) (Table 3-1). These brain samples 

were obtained from deer harvested between 2006 and 2011, in 3 major CWD foci in 

Saskatchewan (Lloydminster, Swift Current, and Nipawin). Ten of the eleven samples were 

male. Five were from mule deer (MD) and six were from white-tailed deer (WTD). A pooled 

sample of clinically infected M132 homozygous elk (CWD2 strain) was received from Dr. 

Catherine Graham (CFIA Lethbridge). A CWD positive, hunter-harvested WTD expressing 

the A116 PrP variant (A116G) was provided by Dr. Samia Hannoui (University of Calgary) 

[222]. An additional 10 CWD-positive hunter-harvested samples were obtained, via Dr. 

Margo Pybus, the Alberta Environment and Parks (AEP) 2016 Surveillance program, with 8 

of the 10 isolates from males and only one WTD isolate, the rest being MD. Alberta and 

Saskatchewan isolates were genotyped by Ms. Chiye Kim (Table 3-1).  

3.3.2 Rodent transmissions 

Seventeen of the CWD isolates were homogenized to 20% (w/vol) in HyClone Ultrapure 

water (FisherScience). As these samples were obtained from hunter-harvested animals, they 

were pasteurized by incubating at 70ºC for 20 minutes to remove any bacterial 

contamination. Each isolate was intracerebrally inoculated at either 1 or 2% (w/vol) into 

weanling transgenic mice expressing wildtype WTD deer PrP (tg33) and observed for the 

onset of clinical signs, including kyphosis, ataxia, and tail rigidity. Weanling Syrian Golden 

hamsters (Mesocricetus auratus), purchased from Envigo, were intracerebrally inoculated 

with 50 µl of 1% pasteurized cervid brain homogenates, and then monitored for onset of 

clinical signs. Animals were euthanized either when clinical disease was established, or at a 

predetermined time point (Table 3-2). Brains were removed and divided sagittally; one half 
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was used to generate a homogenate, the other half fixed in formalin for histochemistry. 

Brains were homogenized to 10% (w/vol) in HyClone Ultrapure water (FisherScience) using 

an Omniprep tissue homogenizer. Second passage was performed by intracerebrally 

inoculating 50 µL of 10% first passage hamster homogenates into weanling hamsters as 

above and euthanized upon establishment of clinical disease. The incubation periods and 

standard deviation were calculated using Microsoft Excel. 

3.3.3 Digestion reactions and immunoblotting procedure 

PrPres was detected following proteinase K digestion as described in Appendices 2. In brief, 

brain homogenate (10 µL when screening brain homogenate and 100 µg to compare PrPres 

migration) was digested for 45 minutes with 50 μg/µL (final concentration) proteinase K. 

PNGase f digestion was performed using NEB’s deglycosylation kit (#P074S) following the 

manufacturer’s recommended protocol and described in detail in Appendix 3. The 

immunoblotting procedure can be found in Appendix 4. Immunoblots were probed with 3F4 

(a kind gift from Richard Rubenstein, SUNY-Downstate), SAF83 (Cayman Chemical, 

Michigan), or Bar224 (Cayman Chemical, Michigan) at a dilution of 1:10 000. 

3.3.4 Histopathological analysis 

Brain samples were formalin fixed, embedded in paraffin, and sectioned sagittally. Sections 

were processed for immunohistochemistry as described in Appendix 8. Sample embedding, 

sectioning, and staining were performed by Hristina Gapeshina in the CPPFD histology core. 

Slides were scanned using a NanoZoomer 2.0RS (Hamamatsu Photonics) and analyzed using 

NanoZoomer digital pathology software (Hamamatsu Photonics).  
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3.4 Results 

3.4.1 Homologous transmission into cervidized mice 

Transgenic mice expressing wildtype white-tailed deer PrP (tg33) were inoculated with 17 

inocula (Table 3-1). Sixteen of the isolates resulted in clinical disease with incubation periods 

ranging from 285 to 417 dpi, while the seventeenth did not result in clinical disease in mice at 

500 dpi. Clinical signs included ataxia, kyphosis, and rigid tail. Isolates with incubation 

periods in tg33 mice of 370 dpi or longer did not transmit into hamsters (95148, 99012, 

74148, and 95083) (Table 3-3). 

3.4.2 First hamster passage 

In total, 181 hamsters were inoculated with 23 different CWD isolates (Table 3-1). Three 

isolates (A116G, 70023, and 73931) resulted in clinical disease in hamsters (552-764 dpi) 

(Table 3-2). Clinical signs included ataxia progressing to lethargy. An additional 7 isolates 

caused the subclinical accumulation of PrPres. Interspecies transmissibility can be affected by 

the initial titre of the isolate. Four isolates (98148, 99012, 74148, and 95083) that did not 

transmit into hamsters also had a prolonged incubation period in tg33 mice, suggesting these 

isolates had a low infectious titre (Table 3-3). The 19 isolates with sufficient infectivity to 

transmit to hamsters (according to the tg33 bioassays) can be grouped into three categories. 

High transmissibility samples (A116G, 70023, and 75020) caused PrPres accumulation in over 

80% of hamsters. Low transmissibility samples (70023, 74754, and 74488) caused PrPres 

accumulation to less than 15% of hamsters. The medium transmissibility samples (95047, 

74299, 73931, Elk, 74030, and 74128) caused PrPres accumulation in 50-67% of hamsters 

(Table 3-3). 
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3.4.3 PrPres migration patterns in hamsters. 

I also noticed that two distinct PrPres migration patterns were present in the hamster samples, 

a Wisc-1-like pattern, ‘A’, with the unglycosylated band around 21 kDa and a second, 

slightly lower migration pattern, ‘B’, at 20 kDa (Figure 3-1). Some hamster-passaged 

isolates, such as the elk pool and 70023, displayed a single pattern, while other inoculum 

resulted in a mixture of migration patterns (Table 3-2). Some hamsters inoculated with 

Saskatchewan isolates displayed neurological signs, including head tilt, tremors, and ataxia, 

between 538 and 726 dpi (Table 3-5). However, when screened by immunoblot, some of 

these animals had migration patterns that did not appear to correspond to PrPres 

(Supplemental Figure 3-4). I later determined that the neurological signs were not prion-

related, and the atypical migration pattern was due to crossreativity of the secondary antibody 

(Supplemental Figure 3-5).  

3.4.4 Histology 

Half of each brain from clinically affected hamsters, as well as 3 animals per box at the end 

of the experiment, were analyzed for PrPd deposition. The PrPd in the positive samples was 

diffuse, primarily affecting the colliculus, hindbrain, hypothalamus, and thalamus, similar to 

what was reported in Chapter 2, Figure 2-2. PrPd deposition was present in both clinical and 

subclinical samples. There was considerable variation in staining intensities between samples 

(Figure 3-2). 

3.4.5 Serial passage of isolates with different PrPres migration patterns  

To further characterize the differences between PrPres with the ‘B’ and ‘A’ migration patterns, 

I inoculated a second cohort of hamsters with ‘A’ migration-pattern (75020-A, hamster 

8218B) and Elk (hElk; hamster 8234B), and ‘B’ migration-patterns (75020-B, hamster 
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8220C) and 70023 (70023-B, hamster 8231B). Clinical signs were similar to those observed 

in hamster-passaged Wisc-1 (Chapter 2), including ataxia, dystonia (specifically retrocollis), 

and hyperactivity, progressing to weight loss and lethargy. Clinical onset was subtle, and the 

clinical course lasted about 2 months after the onset of ataxia. Many of these clinical animals 

appeared scruffy and heavier two months prior to onset of ataxia. Hamsters infected with 

75020-A had incubation periods of 382±10 dpi. The hElk-infected animals had incubation 

periods of 526±8 dpi, while the 75020-B and 70023-B hamsters had incubation periods of 

464±3 dpi and 490±25 dpi, respectively (Table 3-4).  

Immunoblot analysis showed that the 75020-A samples replicated the 21 kDa PrPres 

migration pattern observed in the first passage (Figure 3-3, Table 3-4). However, the hElk, 

70023-B, and 74020-B second passage samples had a double unglycosylated band instead of 

a single 20 kDa band. This double band was not found in the second passage of the 

experimentally passaged wt/wt Wisconsin CWD isolates (Figure 3-3), and appears to consist 

of both the Wisc-1 like 21 kDa ‘A’ band as well as the 20 kDa ‘B’ band from first passage 

Saskatchewan samples.  

3.5 Discussion  

The CWD isolates used in this study demonstrated considerable variability in their host 

range. The CWD transmission characteristics fell into three categories, which correlated with 

cervid species and geographical origin of the isolates (Table 3-3). The three highly 

transmissible isolates, transmitting to over 80% of the hamsters, were all from white-tailed 

deer, while the three low-transmitting isolates (transmitting to <15% of hamsters) originated 

from the same geographic area (Table 3-3). These transmission differences were not due to 

infectious titre, as the incubation periods of these isolates in cervidized mice was similar. 

While differences may be expected between CWD isolates originating from dissimilar cervid 
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PrP sequences [219,222,344] and between CWD pools originating in different species [247–

249,251,255], I also observed transmission differences between cervids of the same species 

and with identical PrP sequences (Table 3-3). This suggests an unexpected level of diversity 

in CWD.  

3.5.1 Geographical variance and its relation to scrapie 

A correlation between host range and geographical location was also previously observed in 

scrapie isolates [209,210]. In these studies a variety of sheep and goat scrapie isolates were 

passaged into a panel of rodent models, demonstrating host range variability not only 

between animals of different PrP sequence or geographical origins, but even between animals 

of the same PrP sequence and flock [209]. As well, the emergence of different migration 

patterns in some isolates were also noted after interspecies transmission to novel hosts 

[210,211], similar to the two migration patterns I observed in hamsters (Figure 3-1). CWD 

and scrapie share a number of similarities. They transmit throughout diverse populations, 

which can differ in the type and prevalence of PrP polymorphisms, as well as breed or 

species [134–137,182]. These factors have the potential to foster and maintain heterogeneous 

prion populations, since different PrP polymorphism can lead to the diversification of PrPSc 

conformations and the emergence of novel strains [219,223,345], and there is emerging 

evidence that peripheral prion replication can foster PrPSc conformations with different 

properties [210,211]. Thus, CWD from different locations, in which cervid species 

composition and PrP allele prevalence vary, may also differ in prion strain features. Another 

factor that may contribute to geographical variation is the source of the original CWD agent 

in an area. While the American CWD epizootic originated primarily in deer [150,151], the 

first CWD cases in Saskatchewan and South Korea were likely spill over from infected elk to 

game farms [152,153,155], which may affect how CWD strains evolved in these locations. 
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3.5.2 Migration patterns 

In addition to variations in hamster transmissibility, I also observed biochemical differences 

in the resulting hamster-passaged isolates, namely differences in electrophoretic migration 

due to differences in PK cleavage [100]. Two migration patterns were observed in the PrPres 

positive hamsters (Figure 3-1), a higher molecular weight pattern at 21 kDa similar to 

hamster-passaged Wisc-1 isolate in Chapter 2 and second pattern with a lower molecular 

weight, similar to the 20 kDa pattern found in the wt/H95 second passage samples in Chapter 

2. Pattern A was stable upon second passage with an incubation period similar to hamster-

passaged Wisc-1, while second passage of ‘B’ resulted in a double unglycosylated band with 

an extended incubation period, suggesting a mixture of conformers. Surprisingly, the 

hamster-passaged elk isolate resulted ‘A’ pattern upon first passage but was similar to ‘B’ in 

second passage (double unglycosylated banding pattern and an extended incubation period) 

(Figure 3-3). 

In Chapter 2 we hypothesized that the PrPSc conformer that resulted in the lower molecular 

weight pattern in hamsters emerged either in the wt/H95 deer or during the interspecies 

transmission to hamsters, however, since ‘B’ was present in many of our hamster-passaged 

wildtype cervid isolates, it seems unlikely that the conformation that resulted in ‘B’ emerged 

during the heterotypic transmission of CWD from a wt/wt deer to a wt/H95 deer. As well, 

although possible, it seems unlikely that ‘B’ emerged during the experimental transmission 

into hamsters, which would require the conformer to emerge multiple times independently in 

some, but not all, inocula groups. Another explanation is that this PrPSc conformer was 

present in the initial wildtype CWD isolates, even forming a minor part of Wisc-1. This was 

similar to a study of scrapie transmission to different ovidized mouse models, where different 

PrPres isoforms in the transgenic mice were linked to heterogeneity in the original scrapie 
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isolates [211]. However, future work should focus on examining the original CWD isolates 

for strain differences in order to substantiate the presence of different PrPSc conformers. 

3.5.3 Speculation on natural prion mixtures 

The presence of conformer mixtures in the hunter-harvested isolates, similar to what has been 

proposed in natural scrapie [174,209–211,343], may explain the diversity in transmission of 

CWD to hamsters [244,255,332,338], as well as the findings by Angers et al. (2010), where 

CWD1 and CWD2 could not be clearly differentiated [217]. However, these studies do not 

explain how these prion conformers can coexist in a single clinical host, since coinfected 

prion strains are commonly believed to interfere with each other, likely due to competition 

for PrPC or other molecular resources [149]. This results in extended incubation periods and 

lowered rates of propagation [145,147]. However, Eckland (2018) recently proposed that 

strain competition may only occur in high conversion efficiency strains, like HY, as 

coinfection of hamsters with two strains with low conversion efficiency, such as DY and 

139A, does not result in elongated incubation periods, perhaps because there is less 

competition for cellular resources [333]. As well, evidence of strain mixtures has also been 

found in cases of sporadic human prion disease [206–208].  

Like the VRQ alleles in scrapie, cervid PrP polymorphisms can alter the strain characteristics 

of CWD [191,219,339,344], so different populations with different allele prevalence may not 

only alter the spread of CWD [188] but also change the composition of CWD cycling through 

an area. Furthermore, CWD and scrapie are also the only known prion diseases where 

peripheral PrP deposition and shedding are important routes of transmission 

[56,169,170,224,278,279,346,347]. Perhaps peripheral prion replication aids in creating and 

maintaining the heterogeneity of these diseases, since differences in PrP expression can 

influence strain evolution and there is growing evidence that different scrapie strains can be 

propagated by the CNS and lymphoid tissue [109,211,348]. Constant cycling between 
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different populations and PrPC concentrations, due to both heterozygosity and peripheral 

replication, may create stable mixtures of conformers or substrains, whose existence only 

become apparent through serial passaging and interspecies transmission (Figure 3-4).  

3.5.4 Model shortcomings 

While hamsters were useful in finding host range differences, there are several drawbacks in 

developing hamster models of prion strains. I previously demonstrated how the lesion 

profiles of two-year-old hamsters (both negative and positive for PrPSc) are indistinguishable 

(Chapter 2). Furthermore, ten hamsters (aged 538-726 dpi) were scored as clinically positive 

but did not accumulate PrPSc, developed neurological signs (Supplemental Table 3-5). The 

idiopathic vacuolation and spontaneous neurological signs are in accordance with Gershauser 

et al. (2013), who found an increase in idiopathic vacuolation in hamsters over the age of one 

year and the spontaneous occurrence of neurological signs in 10% of hamsters [334]. When 

screened by immunoblot, I observed cross reactivity with the secondary antibody in some of 

the aged hamsters (Supplemental Figure 3-5). Parameters that are typically modified to 

decrease nonspecific signal in prion blots (PK concentration, digestion time, and brain 

homogenate volume), increased the signal strength of these nonspecific bands (Supplemental 

Figure 3-6). Therefore, caution should be taken when attempting to resolve such signals.  

3.5.5 Conclusion 

By comparing the host range of a number of CWD isolates, I demonstrated the 

variability present in free-ranging CWD isolates. While some of this variability was 

associated with cervid species, host range differences were also present in CWD isolates 

originating from wildtype cervids of the sample species (Table 3-3). The results of this study 

were similar to previous experiments performed on scrapie isolates, suggesting how strain 

variability may be fostered in these diseases. Cycling of prions through disparate cervid or 

sheep populations with different PrP allele prevalence may generate and later maintain 
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location-dependent conformer mixtures. The importance of peripheral spread and the 

shedding of infectivity, important for both scrapie and CWD transmissibility, may also 

contribute to conformer diversity in these diseases. These results complicate our ability to 

understand the potential impacts of this disease on livestock and human health. Although a 

number of studies have demonstrated low risk of transmission to humans [234,349,350] and 

low levels of transmissibility to most livestock [239,245–247,249], it is unlikely these 

experiments tested the full spectrum of CWD strains, especially as the geographical range of 

CWD expands and new cervid populations are threatened by this implacable disease. 
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3.6 Tables and Figures 

Table 3-1. Description of the CWD positive hunter-harvested isolates used to infect 

hamsters.  

Isolate Species Sex WMU Year Province Genotype Obtained 

from 

Tg33 

incubation 

period (dpi) 

57836 MD M 728 2016 AB wt AEP  ND 

70023 WTD M 49 2010 SK wt Bollinger 311±27 

70045 WTD M 24 2011 SK wt Bollinger 297±26 

73931 WTD M 50 2009 SK wt Bollinger 324±28 

74128 MD M 13 2008 SK wt Bollinger 360±30 

74148 MD F 47 2008 SK wt Bollinger 417±34 

74200 WTD M 24 2008 SK wt Bollinger ND* 

74299 MD M 13 2008 SK wt Bollinger 302±20 

74303 MD M 13 2008 SK wt Bollinger 347±17 

74448 MD M 13 2008 SK wt Bollinger 344±30 

74686 WTD M 236 2016 AB wt AEP  ND 

74754 MD M 13 2009 SK wt Bollinger 342±19 

75020 WTD M 50 2009 SK wt Bollinger 338±23 

95024 MD M 728 2016 AB wt AEP  ND 

95046 MD F 728 2016 AB wt AEP  ND 

95047 MD M 728 2016 AB wt AEP  285±23 

95075 MD M 728 2016 AB wt AEP  ND 

95083 MD F 728 2016 AB 20G/wt AEP  >500 

95098 MD M 728 2016 AB wt AEP  ND 

98148 MD M 234 2016 AB wt AEP  370±49 

99012 MD M 162 2016 AB wt AEP  371±33 

A116G WTD - - - SK A116/wt [222] 300±23 

Elk  Elk - - - - wt Graham 327±34  

*ND=Not done. WMU: wildlife management unit. Year: year of harvest. Tg33 IP: incubation 

period in cervidized mice expressing wt deer PrP. 
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Table 3-2. Primary passage of CWD isolates to hamsters with a description of the PrPres 

migration patterns present in the first passage hamster samples. 

Inocula Experimental 

endpoint (dpi) 

N Number of 

Clinical Animals 

Incubation 

Period (dpi) 

PrPres+* Migration 

pattern** 

57836 575 6 0 - 0 - 

70023 726 8 3 552, 709, 712 8 B 

70045 727 7 0 - 1 A 

73931 778 9 1 764 6 B 

74128 771 8 0 - 4 both 

74148 726 9 0 - 0 - 

74200 726 7 0 - 0 - 

74299 728 8 0 - 4 B 

74303 727 9 0 - 5 B 

74448 726 9 0 - 0 - 

74686 575 8 0 - 0 - 

74754 726 6 0 - 0 - 

75020 726 9 0 - 9 both 

95024 575 8 0 - 0 - 

95046 575 8 0 - 0 - 

95047 575 6 0 - 3 A 

95075 575 6 0 - 0 - 

95083 575 8 0 - 0 - 

95098 575 8 0 - 0 - 

98148 575 6 0 - 0 - 

99012 575 8 0 - 0 - 

A116G 683 12 1 638 10 both 

Elk  726 8 2 674, 719 4 A 

*PrPres positive by immunoblot, **A migration at 21 kDa, B migrates at 20 kDa 
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Figure 3-1. Two different PrPres migration patterns, A and B, identified in the first hamster 

passage of CWD isolates. A. Samples were digested in 50µg/mL proteinase K. B. Proteinase 

K digested samples compared to PNGase digested samples. The first lane contains the protein 

ladder demonstrating molecular weight in kilodaltons (kDa). The origin of the isolate 

inoculated into the hamsters is shown below the immunoblot, along with the migration 

pattern associated with the hamster sample (i.e., samples labelled Wisc-1-A were inoculated 

with Wisc-1 and has migration pattern A). HY and DY are characterized hamster prion 

strains. Primary antibody: 3F4 1:10000. 
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Figure 3-2. Variable PrPd signal intensity in the inferior and superior colliculus of first 

passage hamsters. (A: inoculated with isolate 75020; B: inoculated with elk isolate; C and D: 

inoculated with isolate 70023) compared to fourth passage hCWD (E). F: PrP deposition the 

entire brain section of hCWD-infected hamsters, E is a close up of panel F. The indicated 

area is the inferior and superior colliculus. Primary antibody: 3F4. 
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Table 3-3. Comparison of the primary transmission characteristics of CWD isolates to 

hamsters and cervidized mice, demonstrating correlations between transmission and species 

or geographic origin.  

Inocula Species Location Cull N PrPres+ % 

Transmit 

MW Tg33 

incubation  

95047 MD Lloydminster 575 6 3 50% A 285±23 

70045 WTD Swift Current 727 7 1 14% A 297±26 

A116G WTD -- 683 12 10 83% both 300±23 

Wisc-1* WTD -- 659 8 8 100% A 300±19 

74299 MD Swift Current 728 8 4 50% B 302±20 

70023 WTD Nipawin 726 8 8 100% B 311±27 

73931 WTD Nipawin 778 9 6 67% B 324±28 

Elk  Elk -- 726 8 4 50% B 327±34 

75020 WTD Nipawin 726 9 9 100% both 338±23 

74754 MD Swift Current 726 6 0 0% - 342±19 

74488 MD Swift Current 726 9 0 0% - 344±30 

74303 MD Swift Current 727 9 5 56% B 347±17 

74128 MD Swift Current 771 8 4 50% both 360±30 

98148 MD Lloydminster 575 6 0 0% 
 

370±49 

99012 MD Oyen 575 8 0 0% 
 

371±33 

74148 MD Lloydminster 726 9 0 0% 
 

417±34 

95083 MD Lloydminster 575 8 0 0% 
 

>500 

*Wisc-1 (wt/wt) first passage hamster transmission results from Chapter 2. Samples where 

lack of transmission was likely due to low titre are shaded in grey. Low transmitting samples 

are shaded in yellow. Samples with transmission close to 100%, similar to Wisc-1 (Chapter 

2), are shaded in green. 
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Table 3-4. Second hamster passage of samples with different PrPres migration patterns 

 

Initial cervid 

isolate 

First passage 

migration pattern 

N Incubation 

period  

Second passage migration 

pattern 

75020 A 4 382±10 A 

B 7 464±3 double band 

Elk A 3 526±8 double band 

70023 B 4 490±25 double band 

Wt/wt * A 4 373±5 A 

*Wt/wt second passage from Chapter 2 for comparison. 
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Figure 3-3. Two PrPres migration patterns were evident in the brains of hamsters following 

the second passage. A. Screening of second hamster passage samples. B. Comparison of the 

PrPres double-banded migration pattern, indicated by the red arrows. C. Comparison of PrPres 

from second passage Wisc-1 samples and hunter-harvested isolates. Samples were digested in 

50 µg/mL proteinase K for 45 minutes. The first lane contains the protein ladder 

demonstrating molecular weight in kilodaltons (kDa). The origin of the isolate inoculated into 

the hamsters is shown below the immunoblot, along with the migration pattern associated 

with the first passage hamster sample (i.e. samples labelled Wisc-1-A were inoculated with 

Wisc-1 and has migration pattern A upon first passage). Primary antibody: 3F4.
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Figure 3-4. Diagram demonstrating the putative diversity of CWD. CWD positive cervids 

may carry multiple different CWD conformers, which is represented by the circle near each 

cervid that depicts all the prion in each animal. The different colours in the circle represent 

the different conformers, and their prominence infectious load is depicted by the proportion 

of the total circle. 
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4.1 Abstract 

The geographic range of chronic wasting disease (CWD), a contagious prion disease of 

cervids, continues to expand throughout North America and northern Europe. Infectivity is 

shed in bodily fluids, contaminating the environment, and contributing to transmission. This 

may lead to the formation of reservoirs of infectivity and the contamination of agricultural 

products. To determine the contribution of CWD-contaminated plants to disease 

transmission, I developed an assay for the detection of prion agents on vegetation, 

specifically focusing on plants consumed by cervids and/or those common in the Canadian 

CWD enzootic regions. The interaction of prions with plant surfaces is governed by both 

species of plant and the length of time CWD interacts with the plant surface. 

4.2 Introduction 

Chronic wasting disease (CWD) is an infectious prion disease affecting cervids. Its 

geographic range continues to expand throughout North America, affecting 26 American 

states and three Canadian provinces, and it is also present in northern Europe and South 

Korea. Like all prion diseases, CWD is universally fatal and has a long asymptomatic 

incubation period prior to the onset of clinical signs. CWD can be transmitted through direct 

contact between animals, and increased deer density and interrelatedness appear to facilitate 

the spread of CWD [261,264,268,270,275]. However, since infectivity is shed in the urine, 

saliva, and faeces of infected cervids [169,170,224,279], CWD transmission also occurs 

indirectly through the environment [168,192,283]. 

Previous methods developed to detect infectivity in the environment have focused on prion-

contaminated soils [287,351], however, soil characteristics, including mineralogy and organic 

content, depend on location, climate, and terrain. Many of these attributes alter the interaction 

between prions and soils and may even degrade or enhance infectivity [190,290,296–299], 

which complicates determining the extent of overall environmental contamination. 
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Infectivity, shed in the biofluids of infected animals, will first encounter other materials, such 

as vegetation, before interacting with soils. These materials are likely to accumulate 

substantial levels of contamination, especially in areas of high cervid density and CWD 

prevalence. This has been demonstrated in studies of scrapie-contaminated pastures, where 

the removal of pen furniture, like water troughs and feed buckets, considerably reduces 

indirect transmission to naïve sheep, indicating that these surfaces, and not soils, were 

responsible for the majority of indirect prion transmission [286]. Stakeholders have voiced 

concern over the possibility of CWD contaminated agricultural products [352–355], 

indicating a need to assess the risk of these materials. To this end, I developed a method of 

detecting PrP bound to vegetation to better monitor environmental prion contamination, 

especially on vegetal surfaces, and to provide insights into the horizontal transmission of 

CWD. 

Previous studies have examined PrP associated with vegetation, or prions in faecal samples 

that contain a high concentration of plant matter. Pritzkow et al. (2015) studied the interaction 

between plants and prions via PMCA amplification of contaminated plant tissue [302]. Prion 

amplification of faecal samples uses RT-QuIC instead of PMCA [222,345,356]. However, 

the in vitro detection of prions by these amplification methods were inconsistent and most 

required a concentration step prior to amplification, using either NaPTA precipitation, which 

is specific for PrPSc [357], or iron-oxide beads [194,304,345,356]. As well, plants may 

contain a wide variety of compounds, such as flavonoids and phenolic compounds, which 

could interfere with prion concentration or amplification, since oxidized phenolic compounds 

cross-link proteins [358–360]. Developing a better method to detect PrPSc in vegetation will 

allow monitoring of environmental CWD, providing a better way of determining the levels of 

environmental contamination cervids will consume, as well as monitoring the level of 

contamination in hay and feed used for livestock. In this study, I examined several physical 
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and chemical methods to extract PrP from contaminated plants, developing a method of 

detecting PrP on vegetation that can be further optimized for environmental monitoring. The 

interaction between PrP and vegetation is then explored using this method. 

4.3 Methods 

4.3.1 Brain homogenate sources 

For the comparison of common vegetation, I used Wisc-1 infected brain homogenate from 

transgenic mice expressing wild-type white tailed deer PrP [219]. PMCA was performed 

using elk CWD from transgenic mice expressing elk PrP. For all other CWD experiments, 

clarified brain homogenate from an experimentally infected wt/wt white tailed deer [158] was 

used. Different concentrations of brain homogenate were used to compensate for variation 

between tg33 and cervid PrP expression levels. For the HY experiments, we used 10% 

(wt/vol) HY brain homogenate derived from a pool of clinically positive hamsters. 

4.3.2 Vegetation sources 

Wheatgrass, (hard red wheat; Triticum aestivum), and yarrow (Achillea millefolium var. 

occidentalis) seeds were purchased from West Coast Seeds (SKU#SS112 and FL3825, 

respectively). Seeds were germinated on a moist paper towel and then planted in potting soil 

and grown under long day conditions (16 hours of light a day) using a benchtop system 

(SunBlaster T5HO Growlight Garden). Caladium leaves (Caladium bicolor) were sampled 

from a house plant grown indoors without a growth light. Environmental vegetation samples 

were obtained from the University of Alberta and a property 35 km east of Edmonton 

(Alberta, Canada) with the agreement of the landowner in July-August 2017. We focused on 

sampling plants that comprise deer diet or likely contribute to leaf litter. These samples 

included leaves from trembling aspen (Populus tremuloides), balsam poplar (Populus 

balsamifera), black currant (Ribes hudsonianum), red clover (Trifolium pratense), wild grass 

(genus Poacae), yarrow (Achillea millefolium), burr oak (Querus macrocarpa), smooth blue 
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aster (Symphyotrichum laeve), common plantain (Plantago major), wild rose (Rosa 

acicularus), red osier dogwood (Cornus sericea), American elm (Ulmus americana), 

common lilac (Syringa vulgaris), and highbush cranberry (Viburnum edule). Plants were used 

fresh unless otherwise indicated. The lichen (Cladonia rangiferina) was obtained by Dr. Alsu 

Kuznetsova from a location 40 km north of Fort McMurray (Alberta, Canada) and was kept 

at -20ºC prior to use. 

4.3.3 Immunoblot Procedure 

Immunoblotting was performed as in Appendix 4. Immunoblots were incubated in BAR224 

(Cayman (SPI bio) #10009035) for the CWD immunoblots, 3F4 (a kind gift from Richard 

Rubenstein, SUNY-Downstate) for HY, or Sha31 (Cayman #11866) for the PMCA 

immunoblot. Antibodies were diluted 1:10 000. For the PMCA blot, goat anti-mouse IgG-AP 

conjugate (Promega #S3721) was used as a secondary antibody, the immunoblot developed 

using the AttoPhos AP Fluorescent Substrate System (Promega #S1000) and visualized using 

the ImageQuant LAS4000. Analysis of signal strength was performed using ImageJ software. 

Greyscale images of the immunoblots were inverted and signal intensity was measured using 

density histograms, from which the average signal intensity of the background was 

subtracted. Sample signal strength was normalized by dividing by the positive control and 

graphed using Prism software. 

4.3.4 Coomassie staining 

Coomassie staining was used to assess the amount of protein loaded on the immunoblot. The 

immunoblot membrane was incubated in Coomassie brilliant blue R250 (0.1% (wt/vol) 

Coomasie Blue R250 in 10% acetic acid, 50% methanol, 40% distilled water (w/v/v)) for 5 

minutes. The membrane was then incubated in 20 mL of destain solution (50% water, 40% 



81 

 

methanol, and 10% acetic acid (v/v/v)) to remove excess Coomassie. The membrane was 

then air-dried. 

4.3.5 Detecting PrP in a vegetation homogenate 

To determine if vegetation interferes with the detection of PrP, a 3 cm2 piece of balsam 

poplar leaf was frozen at -80ºC and then pulverized using a Pellet Pestle (Fisher #12-141-

363) and dry ice. The powder was then resuspended in 1.8 mL distilled water. Brain 

homogenate (10 or 5 µL) was added to 200 µL of the balsam poplar homogenate. These 

spiked samples were centrifuged at 500 rpm for 15 minutes and the supernatant was methanol 

precipitated by adding 4 volume equivalents of ice-cold methanol and incubating samples at -

80ºC for one hour. Samples were then centrifuged at 14000 rpm for 30 minutes and the 

supernatant was discarded. The pellet was then dried in a SpeedVac for 1 hour. In other 

samples, 200 µL of 10% sodium dodecyl sulfate (Invitrogen #15525017 in mqH2O) was 

added prior to centrifugation. In the third experimental group, samples were NaPTA 

precipitated by incubating 300 µL of the supernatant, 500 µL 4% (wt/vol) sodium 

lauroylsarcosine, and 100 µL distilled water with shaking for 10 minutes at 37ºC. Then 2 µL 

25U/µL Benzonase (Sigma-Aldrich #E1014-25KU) and 0.5 µL 2M MgCl2 were added and 

the samples were incubated an additional 30 minutes with shaking at 37ºC. Samples were 

then incubated at 37ºC overnight with the addition of NaPTA (Sigma Aldrich #496626) 

(warmed to 37ºC), to a final concentration of 0.3%. The samples were then centrifuged at 

13200 rpm for half an hour and the supernatant was discarded. The pellet was then 

resuspended in 20 µL of 0.1% sodium lauroyl sarcosine. 

4.3.6 Improvement of PrP detection using plant buffer and surfactants 

A 1 cm2 caladium plant sample was frozen overnight at -80ºC, then ground using a mini-

pestle on dry ice. Uninfected brain homogenate (10% (wt/vol)) from a transgenic mouse 
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expressing cervid PrP (tg33) was added, and 500 µL of Plant Buffer (100mM HEPES pH 7.4, 

5 mM EDTA, 10 mM DTT, 10% glycerol, 0.3% DIECA, 0.75g/10 mL PVPP; ±1% Triton X-

100) was added and the sample vortexed. Samples were shaken at room temperature for 5 

minutes followed by centrifugation for 15 minutes at 12000 rpm at 4ºC. The supernatant was 

collected, centrifuged for an additional 5 minutes, and then 200 µL of the supernatant was 

methanol precipitated. An equivalent amount of uninfected brain homogenate was loaded as 

the negative control. To test the ability to detect bound PrP, brain homogenate was added to 

the plant samples and they were incubated overnight. The plant samples were then rinsed in 

water and the unbound fraction was methanol precipitated. The rinsed plant sample was 

ground and processed as described for the spiked samples.  

4.3.7 Enzymatic digestion 

Protease digestion was performed as follows. After treatment with the Plant Buffer with 1% 

Triton X-100 (Sigma Aldrich #X100) and methanol, samples were resuspended in 20 µL of 

RIPA (50mM Tris Base, 150mM NaCl, 1mM EDTA, 1% CA-360, 0.25% Na-deoxycholate) 

containing proteinase K to a final PK concentration of 16 µg/mL-120 µg/mL. Samples were 

digested for either 15 or 30 minutes at 37ºC, with shaking. 20 µL of 2.5X Laemmli sample 

buffer (0.75 M Tris-Cl pH6.8, 0.5% Bromophenol blue, 25% (v/v) glycerol, 5% (w/v) SDS, 

12.5% (v/v) β-mercaptoethanol) was added and the samples processed by immunoblot. For 

the non-digested samples, samples were resuspended in 40 µL of 2.5X sample buffer and 

boiled. 

For the cellulase digestion, a 1 cm2 piece of leaf was ground on top of dry ice using 

minipestles and spiked with 10 µL of infected brain homogenate. This was resuspended in 

100 µL of cellulase (Sigma Aldrich #SAE0020) (concentration between 10-1 and 10-5) and 

incubated at 55ºC for 30 minutes, following established protocols [361]. This short 

incubation time was selected to limit the degradation of PrPC. Plant Buffer with 1% Triton X-
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100 (400 µL) was added and the samples were incubated on ice for 30 minutes prior to 

methanol precipitation. 

4.3.8 Improved grinding of plant samples 

Elm and lilac leaves were cut into 1 cm2 squares. For the spiked samples, a vegetation 

homogenate was made by drying the leaf pieces for 1 hour using the SpeedVac followed by 

freezing at -80ºC prior to pulverization, using either a pellet pestle or the BioMasherII Closed 

System Disposable Tissue Homogenizer (Kimble #749625-0020) over dye ice, followed by 

resuspension in 500 µL Plant Buffer and spiked with brain homogenate. These homogenates 

were incubated for 30 minutes on ice and methanol precipitated. For the bound and unbound 

samples, 10 µL 5% (wt/vol) brain homogenate added to the plant samples and incubated 

overnight at 4ºC. These were rinsed in 200 µL water, which was precipitated as the unbound 

fraction. The bound samples were processed as in the spiked samples.  

4.3.9 Boiling in surfactants compared to complete protein precipitation 

Plant samples were incubated overnight with 10 µL of brain homogenate. Samples were 

rinsed, and five different bound-PrP detection methods were performed (A, B, C, D, and E). 

In A, samples were dried, frozen, pulverized, and resuspended in the Plant Buffer, which was 

then methanol precipitated, as detailed in previous sections. In B, samples were boiled in a 

2.5X Laemmli sample buffer for 10 minutes. In C, D, and E, the samples were boiled in 5% 

SDS, 10% SDS, or 1% Triton X-100 for 10 minutes respectively prior to methanol 

precipitation. 

4.3.10 Vegetation binding assay 

Vegetation was incubated with brain homogenate overnight at 4oC, then incubated with 200 

μL water for 15 minutes at room temperature with shaking. The wash, containing unbound 

PrP, was TCA/acetone precipitated by adding 100% TCA to a final concentration of 13%, 
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incubated at 4°C overnight, then pelleted by centrifugation at 15 minutes at 14000 rpm. The 

pellet was then incubated in cold acetone for 15 minutes at 4oC and centrifuged at 14000 rpm 

for 10 minutes. This acetone wash was repeated twice. The pellet was resuspended in 20 μL 

of 2.5X Laemmli buffer (0.75 M Tris-HCl pH6.8, 0.5% Bromophenol blue, 25% v/v glycerol, 

5% w/v SDS, 12.5% v/v β-mercaptoethanol) and boiled for 10 minutes. To analyze the bound 

material, the rinsed plant samples were boiled in 200 μL 1% Triton X-100 for 10 minutes and 

the extracted proteins TCA/acetone precipitated as above (Figure 4-7). 

To detect the unbound PrPres, plant samples, in duplicate, were rinsed as described above, the 

combined and the proteins were methanol precipitated. Pellets were resuspended in 25 μL of 

RIPA buffer (50 mM Tris Base, 150 mM NaCl, 1 mM EDTA, 1% CA-360, 0.25% Na-

deoxycholate). For the PrPres samples, 15 μL of the resuspended sample was digested with 

100 μg/ml proteinase K (Roche #0.115887001) in a total volume of 35 μL for 2 hours at 37°C 

with shaking. Then 5X Laemmli buffer (35 μL) was added and the samples were boiled for 

10 minutes (Figure 4-2). For the non-digested undigested PrP samples, 5 μL of the 

resuspended precipitate was added to 7 μL of water and 13 μL of 5X Laemmli buffer and 

boiled for 10 minutes. Experiments were repeated independently at least twice, including 

three technical replicates where possible. 

4.3.11 Amplification of PrP signal using PMCA 

To test whether the bound PrP signal could be amplified using PMCA, 0.3 g of wheatgrass 

was incubated with 10 µL 1% (wt/vol) elk brain homogenate overnight. Samples were rinsed 

as usual in 200 µL water, and then the plant sample was boiled in 200 µL 1% Triton X-100 

for 10 minutes. Then 10 µL of the unbound or bound fractions were used to seed elk PMCA 

substrate; 10% (wt/vol) perfused TgElk brain in PMCA conversion buffer (1X PBS, 150 mM 

NaCl, 4 mM EDTA, 1% Triton X-100, one tablet of cOmpleteTM Mini, EDTA-free Protease 
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Inhibitor (Roche #0469315001). PMCA sonication was performed at 60 Hz for 30 seconds 

every 15 minutes for 24 hours, a total of 114 sonication cycles. Samples were then PK 

digested using 20 µL of PMCA product and analyzed by immunoblot to detect PrPres. 

4.3.12 PrP Binding Experiments 

To compare the plant-prion interaction of wheatgrass and yarrow, 5% (wt/vol) CWD-infected 

brain homogenate (3 μL, 5 μL, 7 μL, 9 μL, or 11 μL) was applied to 0.03 g of plant material 

and processed as in Figure 4-7. Replicates of the bound fraction samples were not combined. 

For the HY experiments, 5 μL of 10% (wt/vol) HY was applied to 0.03 g of wheatgrass in 

triplicate. Samples were either processed as in Figure 4-7, where the bound sample replicates 

were combined, or as in Figure 4-8. 

To test the binding of prions to common vegetation, 10 μL of 1.25% (wt/vol) CWD-infected 

brain homogenate was applied to 1 cm2 squares of gathered vegetation in triplicate and 

processed (Figure 4-7). Replicates of the bound fraction samples were combined. The effect 

of time on the prion-plant interaction was tested by incubating 15 μL of a 2.5% CWD-

infected brain homogenate with 0.03 g of wheatgrass overnight, for 1 week, or for 4 weeks. 

Samples were then processed as in Figure 4-7. 

4.3.13 Animal Transmission of Bound and Unbound Fractions 

Animal bioassays were conducted to confirm the presence of infectivity in the unbound and 

bound fractions. Wheatgrass (2.7 g) was harvested and incubated with 450 μL of 10% 

(wt/vol) HY brain homogenate and rotated overnight at room temperature, then rinsed with 4 

mL of water. The amount of vegetation and the volume of brain homogenate was determined 

by scaling up the amount of material used in the in vitro assay experiments. The rinse water 

was mixed with an equal volume of applesauce. The wheatgrass was then pulverized using a 

tissue beater as much as possible in 4 mL water then 4 mL of apple sauce was added.  
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Weanling Syrian Golden hamsters were orally dosed with 200 μL applesauce mixed with HY 

for five consecutive days. Hamsters were observed for onset of clinical prion disease and, 

once clinical signs were established, euthanized. The length of the incubation period and 

standard deviation of each experimental group was calculated using Microsoft Excel. This 

study was conducted in accordance with the Canadian Council on Animal Care Guidelines 

and Policies with approval from the Health Sciences Animal Care and Use Committee of the 

University of Alberta, Animal Use Protocol 914.  

4.3.14 Lichen comparison to other samples 

I incubated 0.0265 g of vegetation and 20 µL 2.5% CWD positive brain homogenate together 

overnight. Samples were vortexed 5 times for 10 seconds each in 200 µL water and MeOH 

precipitated. To test the Triton X-100 boiling method, I performed it on yarrow, grass, and 

lichen (0.0275 g) that had incubated with 10 µL brain homogenate. 

4.4 Results 

4.4.1 Plant material interferes with the detection of PrP and NaPTA precipitation 

The addition of ground vegetation was associated with reduced PrP signal in the immunoblot, 

such that PrP signal was not present in the 5 µL spiked samples (Figure 4-1). In the samples 

spiked with 10 µL of brain homogenate the addition of 10% SDS slightly increased the PrP 

signal. The vegetation also appeared to interfere with the NaPTA precipitation, as no signal 

was detected (Figure 4-1).  

4.4.2 The addition of a plant-specific buffer and non-ionic surfactant increases PrP 

signal 

Plant extracts are highly complex and contain phenolic compounds, such as flavonoids, 

which form irreversible covalent linkages with proteins when oxidized, interfering with 

protein extraction [360]. For this reason, I tried to improve PrP detection by diluting plant 

samples in Plant Buffer, containing DTT, DIECA and PVPP, instead of water. These 
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compounds prevent flavonoids from interfering with protein extraction since they prevent the 

oxidation of phenols and absorb phenolic compounds [360,362]. Additionally, I also tried to 

improve PrP extraction by adding a surfactant, since PrP is a membrane protein that is prone 

to aggregation. To test if PrP detection was improved by using a buffer specifically designed 

for plant protein purification (Plant Buffer), different volumes of normal brain homogenate 

were spiked into leaf homogenates and processed using a heavily modified version of a plant 

protein purification protocol. While PrP detection occurred down to 5 µL spiked brain 

homogenate, plant material still interfered with detection of PrP (Figure 4-2A). Signal was 

improved by the addition of a non-ionic surfactant (Triton X-100), selected due to its use in 

the PMCA conversion buffer. After the addition of a surfactant, PrPC was detected down to 1 

µL brain homogenate (Figure 4-2B). PrP was also detected in vegetation homogenates spiked 

with infectious PrP, as well as bound material applied to vegetation samples before 

homogenizing, however, signal was not strong and equally loading samples into the 

immunoblot was difficult due to the high viscosity of the samples (Figure 4-2C). 

4.4.3 Enzymatic digestion  

The inconsistent signal and low signal intensity may be due to the presence of other plant 

proteins. For this reason, I added a proteinase K digestion step to degrade non-PrPres proteins 

(Figure 4-3A, B). This increased signal intensity at the highest PK concentrations, which was 

most evident at the 15-minute incubation, but not as obvious at the 30-minute PK digestion 

(Figure 4-3A). A number of enzymes have been used to improve protein extraction, including 

cellulase [361], which aids in the breakdown of the plant cell wall. However, the addition of 

cellulase was not effective (Figure 4-3C, D). 
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4.4.4 Plant grinding and protein purification 

Improved grinding of plant material may improve detection of bound PrP, as the fineness of 

plant pulverization is of great importance in plant protein extraction [359]. To this end, I 

compared the impact of using a better grinding apparatus, the BioMasher II. Grinding was 

performed on dry ice on samples that had been dehydrated in the SpeedVac for 2 hours on 

high heat and then froze at -80ºC overnight. While better grinding of the sample was 

achieved, bound PrP signal was lower in the BioMasher II ground sample than the pellet 

pestle samples (Figure 4-4).  

4.4.5 Boiling bound samples in surfactants 

Since mineral-bound PrP extraction protocols were successful by boiling SDS [297], I 

compared our grinding protocol to boiling contaminated plant samples in Laemmli sample 

buffer, 5% and 10% SDS, and boiling in 1% Triton X-100. PrP signal was observed only in 

the Triton X-100 treatment in yarrow (Figure 4-5).  

4.4.6 PMCA amplification of surfactant-extracted PrP 

PMCA is a method of amplifying PrPSc signal, increasing detection [363]. PrPres was present 

in the bound fraction that had been subjected to PMCA. PrP signal was present in two of the 

three replicates (Figure 4-6). 

4.4.7 PrP binding to vegetation. 

Yarrow and wheatgrass have very dissimilar morphologies. The wheatgrass leaf is entire and 

has a relatively smooth surface decorated with small trichomes, while the yarrow has feathery 

leaves with a high degree of pubescence. To determine if CWD interacts differently with 

yarrow and wheatgrass, different volumes of brain homogenate were applied to the plant 

samples and processed using the binding assay described in Materials and Methods followed 
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by immunoblot. PrP was present in both the bound and unbound fractions of both plants 

(Figure 4-9A and 4-9B). More PrP was present in the unbound fractions from the grass 

compared with the yarrow, a pattern that was reversed with the bound samples. Binding of 

HY to wheatgrass was similar to the binding of CWD, with more PrP in unbound fraction 

compared to the bound fraction when compared by immunoblot. Both fractions contained 

PrPres (Figure 4-3C). To confirm that infectivity was present in both the bound and unbound 

fractions, we performed a bioassay of bound and unbound material in hamsters. There was 

complete transmission of the 10% HY unbound sample into hamsters with an incubation 

period of 180 dpi, compared with 165 dpi for the positive control. Seven of the eight hamsters 

inoculated with the bound fraction became clinical with an incubation period of 174 dpi 

(Table 4-1). 

4.4.8 Interaction of prions with common vegetation 

To explore how other plant species interact with CWD, we examined a variety of plant 

species (burr oak, wild rose, yarrow, grass, and red clover) that contribute to deer diet or are 

common in CWD enzootic regions. Plant samples were processed as outlined in Figure 4-7 

and the PrP was quantified by immunoblot. The amount of PrP that rinsed off each plant 

species varied. In some plants, such as the oak (Q. macrocarpa), there was considerable 

signal in the unbound fraction, suggesting PrP did not bind to the plant sample. For other 

plant samples, such as the wild rose (R. acicularus), there were low amounts of PrP in the 

unbound fraction, indicating most of the PrP remained bound to the plant samples (Figure 4-

10A). PrP was detected in the bound fraction of all plants; however, the PrP signal in the 

bound fraction was not necessarily the inverse of the signal observed in the unbound fraction 

(Figure 4-10) 
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4.4.9 Long incubation alters plant-prion interaction 

To test the effect of time on the plant-prion interaction, we incubated CWD-infected brain 

homogenate with wheatgrass overnight, for one week, and for four weeks. The amount of 

unbound PrP decreased by half at four weeks, while the amount of bound PrP appeared to 

increase over the same time period (Figure 4-11). 

4.4.10 Differential binding of PrP to vegetation 

Lichen would be ideal to use in environmental monitoring in northern Canada, given its 

ubiquity, ease of sampling, and longevity in the environment, as well as its importance in the 

winter diet of caribou [363]. As well, lichens are occasionally used in monitoring pollution 

levels [364,365]. We compared the ability of Cladonia rangiferina, which has fruticose 

morphology, to that of wheat and yarrow and found that much less PrP rinses off compared to 

the other plants. Unfortunately, this material is not detectable using our Triton X-100 boiling 

method (Figure 4-12). 

4.5 Discussion 

The ability to detect environmental CWD will improve our ability to monitor the levels of 

CWD contamination in the environment and improve CWD modelling. The initial goal of 

this project was to assess the importance of plants in CWD transmission and the danger posed 

to livestock by CWD-contaminated vegetation. While I did not succeed in these goals, I was 

able to develop a method of detecting PrP bound to plants and to determine some factors that 

affect the plant-prion interaction. My assay is straightforward, uses common reagents, and 

can easily be scaled up. Most earlier experiments detecting prions on vegetation or in faeces 

first homogenized the samples, followed by total protein extraction [194,304,345,356]. This 

is consistent with plant protein extraction methods; however, our results suggest that 

homogenizing the material masks a considerable amount of PrP, and components of the plant 

homogenate appear to interfere with NaPTA precipitation (Figure 4-1). PrP detection can be 
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improved through the addition of a non-ionic surfactant (Figure 4-2), but the amount of 

proteins and cellular components present in the sample make the plant sample difficult to 

load consistently (Figure 4-2A, Figure 4-4A). To reduce the amount of interfering cellular 

material, many plant protein extraction protocols finely grind the plant material and subject 

the homogenate to several rounds of centrifugation [359]. This is problematic with regards to 

PrPSc, since prion amyloid has a high molecular weight and may be pelleted during 

centrifugation, reducing PrP signal. I avoided lengthy centrifugation steps and used clarified 

brain homogenate in these experiments for this reason. 

4.5.1 Optimization of the grinding assay 

To improve PrP detection and immunoblot loading consistency, I treated the homogenized 

plant samples with either cellulase or proteinase K (Figure 4-3). Treatment with a low 

concentration of proteinase K improved PrP detection, the protease digestion reduces the PrP 

signal. Since plant grinding is a key step in improving the quality of plant protein purification 

methods [359], I tried a more efficient grinding system. Surprisingly, improved grinding 

reduced PrP signal (Figure 4-4), perhaps due a higher surface area of plant material for PrPSc 

to bind. PrP can be extracted from soil minerals boiling the mineral-bound prions in Laemmli 

sample buffer, which contains, among other components, a surfactant. When the plant 

grinding method with compared to the surfactant boiling method, boiling in the non-ionic 

surfactant Triton X-100 yielded the best PrP signal, without the loading issues that had been 

problematic in samples that had been prepared using the grinding method or boiled in SDS 

(Figure 4-5). I developed this boiling procedure into a method that consistently detects PrP on 

a wide variety of plants (Figure 4-7) using immunoblot. 
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4.5.2 Surfactant extraction protocol 

In this extraction protocol, contaminated samples are boiled for ten minutes in Triton X-100, 

the supernatant was removed, and proteins precipitated. Samples are resuspended in the 

Laemmli sample buffer and detected by immunoblot. This surfactant-extraction procedure 

was also used prior to protease digestion with a concomitant reduction in signal (Figure 4-8, 

4-9C). Low levels of PrP can be detected by combining samples prior to protein precipitation 

or by amplifying the PrP signal using PMCA (Figure 4-6). This method does not require 

specialized reagents and the extraction process can be performed in a few hours. Also, as 

grinding and homogenization of the plant sample are not required, the probability of sample 

contamination and prion aerosolization are reduced.  

4.5.3 Prion-plant interactions 

Binding of PrP to plant materials depends on a number of factors. Plant species play a role in 

PrP binding, as can be seen in the differential binding of PrP to wheatgrass and yarrow grown 

under controlled conditions (Figure 4-9B, C). Plants gathered from the environment also 

exhibit this diversity, where samples such as grass and oak had more PrP in the unbound 

fraction compared to yarrow and rose samples (Figure 4-10). The source of this diversity may 

lie in the heterogeneity of leaf surfaces, which can differ in composition and morphology, and 

in the presence and arrangement of epidermal leaf hairs, or trichomes, which would increase 

the surface area available for prion binding. Furthermore, the microarchitecture and 

composition of the cuticle, the waxy layer coating the non-woody parts of plants, is highly 

variable [307–311]. The outer surface of cuticles can have a variety of surface structures 

which can give some plants self-cleaning properties, reducing surface contamination [315]. 

These factors may explain why the recoverability of the bound fractions varied between plant 

species (Figure 4-10), as the interactions between PrP and the plant cuticle may differ in 

sensitivity to disruption by surfactants. The amount of PrP bound to vegetation also increases 
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with longer incubation times (Figure 4-11), similar to the interaction of prions with surgical 

equipment [306]. 

It is important to note that detection of PrP is based on relative signal strength and as the 

detection of bound PrP is inefficient, weare likely underestimating the amount of PrP bound 

to the plant surface. In addition, there is variability between samples, even using controlled 

lab-grown plant samples (Figure 4-11). The plant epidermis is highly variable and responsive 

to a number of external factors. Leaf surface properties vary by cultivar and developmental 

stage [307–310], as well as in response to stress [311] and pathogen colonization [317]. For 

this reason, caution should be taken in attempting to generalize these results.  

4.5.4 Conclusion 

Prion infectivity deposited on vegetation will either adhere to the plant surface or be washed 

off into the top layers of soil. The amount of infectivity remaining bound depends on plant 

species and the length of the interaction. Infectivity that washes off plant surfaces may 

interact with plant material in the litterfall layer of soil or percolate into deeper layers of soil, 

interacting with a vast number of minerals, saprotrophs, and fermentation products. Further 

research is required to understand where infectivity will accumulate in the environment, and 

the impact different plant varieties and environmental conditions will have on the indirect 

transmission of CWD. Further optimization of this method is required for environmental 

monitoring, since although it works well with plants, prions bound to lichen were not 

detected by immunoblot (Figure 4-12). Other surfactants may be more useful for detecting 

prions in these samples, and further work is necessary to determine the best time of year and 

plants to use for this purpose.
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4.6 Tables and Figures 

 

Figure 4-1. Vegetation interferes with PrP detection. A. Leaf samples were frozen and ground 

in water, and then the vegetation homogenate spiked with either 10 µL or 5 µL of brain 

homogenate. A: Samples were centrifuged and the supernatant was methanol precipitated. B: 

10X SDS was added to the supernatant prior to methanol precipitation. C: Supernatant was 

precipitated with NaPTA. The first lane contains the protein ladder demonstrating molecular 

weight in kilodaltons (kDa). Primary antibody: Bar224. 
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Figure 4-2. The addition of detergent to the Plant Buffer increases PrP signal. Leaf samples 

were frozen and ground, and then spiked with brain homogenate. A. Samples were incubated 

for 5 minutes in Plant Buffer, and then centrifuged. The supernatant was then methanol 

precipitated. B. Samples were incubated on ice for 25 minutes in Plant Buffer with 1% Triton 

X-100, and then centrifuged, methanol precipitating the supernatant. C. Samples were 

prepared as in B. Brain homogenate was either added after the addition of Plant Buffer 

(spiked), prior to grinding (total), or was incubated on the fresh leaf sample overnight and 

rinsed off prior to grinding, leaving the water sample containing the rinsed off brain 

homogenate (unbound) or the brain homogenate that remained bound (bound). The lane with 

the black bars contains the protein ladder demonstrating molecular weight in kilodaltons 

(kDa). Primary antibody: Bar224. 
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Figure 4-3. The addition of an enzymatic digestion step alters PrP signal detection. A. Leaf 

pieces were frozen and ground. Brain homogenate was applied and the samples were 

incubated in Plant Buffer with 1% Triton X-100 overnight. Samples were centrifuged and the 

supernatant was methanol precipitated. The precipitated proteins were PK-digested using 16-

120 µg/mL PK for 15 or 30 minutes. The lane with the black bars contains the protein ladder 

demonstrating molecular weight in kilodaltons (kDa). Primary antibody: Bar224. B. 

Coomassie stained membrane of A. C. Ground leaf sample was incubated in cellulase 

(concentration between 10-1 and 10-5) prior to incubation in Plant Buffer. D. Coomassie 

stained membrane of C. 
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Figure 4-4. Improved grinding of the plant sample decreases PrP signal. A. Elm and lilac 

leaves were frozen and ground using either a normal pestle or the BioMasherII. In ‘spiked’ 

samples the brain homogenate was added prior to the incubation in Plant Buffer. Samples 

were centrifuged and the supernatant was methanol precipitated. In the ‘unbound’ and 

‘bound’ samples the leaves were incubated with brain homogenate and then rinsed in water 

(‘unbound’) prior to grinding of the sample. The vegetation sample was then dried and 

ground as in the ‘spiked’ samples. The first lane contains the protein ladder demonstrating 

molecular weight in kilodaltons (kDa). Primary antibody: Bar224. B. Coomassie stained 

membrane of A. 
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Figure 4-5. Bound PrP can be extracted by boiling samples in Triton X-100. Plant samples 

were incubated with brain homogenate and then rinsed in water. A: Plant samples were dried 

and ground as usual, then incubated in Plant Buffer and centrifuged. Supernatant was then 

TCA precipitated. B: Plant samples were boiled in Laemmli buffer. C: Plant sample was 

boiled in 5% SDS. D: Plant sample was boiled in 10% SDS. E: Plant samples were boiled in 

1% Triton X-100 and TCA precipitate. The first lane contains the protein ladder 

demonstrating molecular weight in kilodaltons (kDa). Primary antibody: Bar224. 
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Figure 4-6. PMCA reaction of the bound fraction. 10 µL of the bound fraction was used to 

seed a single round of PMCA. The reaction was subjected to 30 seconds of 60 Hz sonication 

every 15 minutes for 24 hours. The first lane contains the protein ladder demonstrating 

molecular weight in kilodaltons (kDa). Primary antibody: Sha31. 
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Figure 4-7. Schema of total PrP binding assay.  
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Figure 4-8. Schema of PrPSc binding assay.  
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Figure 4-9. Differential binding of prions to vegetation. A. Different volumes of brain 

homogenate were incubated with yarrow or grass overnight. Proteins were precipitated from 

the unbound fraction and analyzed by immunoblot. B. Bound proteins were extracted from 

the rinsed plant samples by boiling in Triton X-100. C. PrPres material was present in both the 

bound and unbound fraction. HY brain homogenate was applied to fresh grass and incubated 

at 4°C overnight. Grass was rinsed in water and the proteins were extracted from the unbound 

fraction and either resuspended in Laemmli sample buffer (PK-) or digested in proteinase K 

(PK +). The lane with the black bars contains the protein ladder demonstrating molecular 

weight in kilodaltons (kDa). Primary antibody: Bar224 (A and B), or 3F4 (C). 
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Table 4-1. Hamsters were orally inoculated with unbound and bound fractions of wheatgrass 

incubated with HY. 

Material  n  Clinical  Incubation period (days)  % clinical  

Unbound 8  8  180 ±16 100  

Bound 8  7  174 ±8 87.5  

HY alone 4  4  165 ±0.50 100  
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Figure 4-10. Prion binding depends on plant species. A. Brain homogenate was applied to the 

plant samples and incubated overnight at 4°C. The vegetation was subsequently rinsed with 

water. Proteins were TCA precipitated from the unbound fraction and analyzed by 

immunoblot. The first four lanes are a dilution series of the total brain homogenate. B. Bound 

proteins were extracted from the rinsed vegetation by boiling in Triton X-100. Replicates 

were combined and proteins were extracted from the rinse and analyzed by immunoblot. The 

lane with the black bars contains the protein ladder demonstrating molecular weight in 

kilodaltons (kDa). Primary antibody: Bar224. C and D. Semi-quantitative signal strength 

analysis of blots A and B. ( 
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Figure 4-11. Longer incubation results in more PrP bound to plant material. Brain 

homogenate was incubated with fresh grass overnight or for either one week or four weeks. 

A. Proteins were precipitated from the unbound fraction and analyzed by immunoblot. 

Primary antibody: Bar224. B. Bound proteins were extracted by boiling in Triton X-100. The 

lane with the black bars contains the protein ladder demonstrating molecular weight in 

kilodaltons (kDa). Primary antibody: Bar224. C. Semi-quantitative signal strength analysis of 

blot A and B. 
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Figure 4-12. PrP binds to lichen and cannot be detected using my method. A. Brain 

homogenate was incubated with lichen or grass overnight. Samples were vortexed 5 times for 

10 seconds each in water and each rinse was methanol precipitated. Primary antibody: 

Bar224. B. Vegetation samples were incubated with brain homogenate overnight. Samples 

were rinsed in water (‘unbound’), then boiled in 1% Triton (‘bound’). Samples were then 

precipitated. The lane with the black bars contains the protein ladder demonstrating 

molecular weight in kilodaltons (kDa). Primary antibody: Bar224. 
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5 Importance of CWD strains and environmental 

contamination for surveillance and prion ecology 
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5.1 The importance of understanding CWD transmission 

In this thesis, I investigated the complexity of CWD transmission by examining strain 

diversity and prion adherence to plants. The variability I found in both CWD host range and 

plant adherence is concerning and demonstrates the difficulty in monitoring and controlling 

this disease. This is further exacerbated by variability in adherence of prions to plants 

(Chapter 4). Environmental contamination increases the likelihood of interspecies 

transmission of CWD since direct contact does not need to occur between animals, raising 

concerns for the expansion of CWD range, as contaminated feed and bedding can be 

transported to areas where CWD is not endemic. This concern has led to Norway regulating 

hay and straw imports from CWD-affected areas [352], and has given rise to food safety 

concerns within CWD endemic regions [353–355]. For this reason, it is of utmost importance 

to develop methods of monitoring environmental CWD. As well, accurate disease models, 

which must fully encompass the variability of CWD transmission, are important to predict the 

impact of CWD and assess mitigation methods. 

5.2 Variability of CWD transmission properties 

In Chapters 2 and 3, I examined the host range of CWD by studying the transmissibility of a 

number of isolates to hamsters. The transmission properties of isolates from cervids with PrP 

polymorphisms differed from the previously characterized Wisc-1 isolate (Table 2-1). This is 

in keeping with previous studies that demonstrated different CWD strains in cervids 

expressing non-wildtype PrP [219,222,344]. However, I also observed transmission 

differences in isolates from wildtype deer, which express identical PrP sequences (Table 3-3). 

The CWD isolates in these studies fell into three distinct categories based on their 

transmissibility to hamsters. These categories were correlated with cervid species (most 

white-tailed deer had high transmissibility to hamsters) and location (isolates from a similar 

location had low transmissibility to hamsters). Differences in CWD host range, correlated to 

both cervid species [247–249,251,255] and location [254], have been previously observed, 
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however, we studied a variety of isolates from individual cervids while other studies tested 

pooled CWD samples consisting of a variety of PrP polymorphisms or examined only a 

handful of isolates [239,247–249,251,254]. By examining a range of CWD isolates, instead 

of pooled samples, and controlling for titer, we can better understand the true diversity of the 

CWD host range (Figure 5-1). 

In these studies, I used host range as a proxy for prion strain, without characterizing the strain 

characteristics of the original isolates. Given concerns of interspecies transmission, host 

range is an environmentally relevant strain characteristic with obvious real-world 

implications. Similar studies have also used host range to compare the diversity of other prion 

isolates, demonstrating both the strain uniformity of BSE and the diversity of classical scrapie 

[209–211]. However, isolates with a similar hamster transmission pattern will not necessarily 

contain the same strain, and transmission differences in hamsters does not necessarily imply 

differences in more ecologically relevant species. 

Further characterization of these CWD isolates, using other rodent models and biochemical 

techniques, is ongoing. By transmitting isolates that looked different in hamsters to other 

rodent models, including transgenic mice expressing PrP from humans, livestock, and 

wildlife from the CWD endemic region, we can better understand the potential impact of the 

CWD variants identified in these studies. It would also be important to characterize 

biochemical differences in the original cervid isolates, both to confirm the existence of strain 

mixtures in these samples and to develop methods of differentiating CWD strains. Assays 

like the conformation stability assay, which differentiates prions by their stability in 

guanidine [366], may be used to confirm the existence of different CWD variants in the 

hunter-harvested CWD isolates, however, it is important to find a higher throughput 

screening method for the purposes of disease monitoring. 
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5.3 Comparison to Scrapie 

Similar transmission studies have been conducted using scrapie isolates [209–211]. These 

studies also demonstrated a great degree of variability in the host ranges of scrapie isolates, 

even isolates from sheep or goats of an identical genotype from the same herd harvested at 

the same time [209]. Some of these scrapie isolates also resulted in multiple banding patterns 

after interspecies transmission [210,211], which was taken as additional evidence of strain 

variation in these samples. The two PrPres migration patterns I observed, patterns A and B, 

may also be due to the coexistence of multiple PrPSc conformers in the cervid isolates or, 

alternatively, have emerged during the interspecies transmission to hamsters. Given that the 

two patterns are not evenly distributed between isolates, as I would expect if they emerged 

during hamster passage, and the similarity to the results of the previously mentioned scrapie 

transmission studies, the former appears more likely. However, more research should be 

performed to determine if multiple PrPSc conformers, or indeed strains, correlating to these 

two migration patterns in hamsters are present in the original cervid isolates.  

Scrapie and CWD share several characteristics that may foster the existence and perpetuation 

of prion mixtures. Both diseases cycle through animals of diverse PrP polymorphisms, breed, 

and species, which may allow for the emergence of novel prion strains 

[134,136,137,182,219,222,223,367]. As well, peripheral replication and shedding are 

important in the transmission of both diseases [56,169,170,224,279,346,347], which could 

further increase the conformer variability of these diseases [109,211]. The existence of CWD 

conformer mixtures poses some problems in understanding the potential ecological impact of 

CWD, since the host range of CWD may depend on the specific area and cervid species of 

interest. For this reason, finding biochemical differences between strains to be able to 

properly study the zoonotic properties should be of utmost importance.  
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5.4 Development of the Vegetation Binding Assay 

The original objective of this project was to assess the risk of prion transmission through 

contaminated vegetation. This data could be incorporated into epidemiological models of 

CWD transmission and would allow governments to make evidence-based decisions on 

contentious CWD-related issues, such as the import of hay from CWD-endemic areas [352] 

and develop and evaluate CWD mitigation efforts. While I did not fulfil this objective, I was 

able to develop an assay to detect PrP adhered to vegetation. In this assay, the entire plant 

sample is boiled in a surfactant, which releases PrP that can be detected by immunoblot 

(Figure 4-9). This method minimizes the impact that plant proteins and other compounds will 

have on PrP detection (Figure 4-1). As well, this assay can be linked to amplification 

methods such as PMCA (Figure 4-6) to improve detection. This simple assay can be used to 

assess the impact climatic and temporal factors can have on the prion-plant interaction 

(Figure 4-11). 

The interaction between prions and vegetation, both aerial vegetation and leaflitter, would 

also play a central role in the levels of infectivity in soils (Figure 5-1). Low adherence of 

CWD to plants mean that infectivity will be washed into the soil by precipitation. Depending 

on soil type, this may allow these constant, low levels of infectivity to percolate into deeper 

layers of soil and possibly be degraded by saprotrophs, especially during the warm season. 

On the other hand, if infectivity remains adhered to plant material until autumn, large 

amounts of CWD will enter the soil simultaneously, and, at least in northern areas, will 

remain bioavailable throughout the winter when the soil is frozen. The amount and type of 

precipitation would also impact this process since the frequency of precipitation may impact 

the binding of PrP to plants. This demonstrates how climatic and geographic factors must 

also be considered in environmental transmission and the development of a protocol for 

monitoring environmental contamination. 
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5.5 Future Applications of the Vegetation Binding Assay 

Implementation of my PrP vegetation binding assay for monitoring environmental CWD 

contamination will require further optimization to increase detection limits. Different 

surfactants may increase the amount of PrP that can be extracted from plant surfaces. As 

well, scaling up this procedure and optimizing the amplification of PrPSc using RT-QuIC or 

PMCA will facilitate biomonitoring. To assess the levels of CWD contamination in a 

particular area, a number of different individual plants of the same species would be 

processed using the assay and the incidence of prion contamination would be calculated by 

dividing the number of contaminated plant samples by the total number of samples processed. 

𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 

This procedure would be repeated using several common plant species with different prion 

adherence capacities to calculate the contamination index of the location. This index could be 

used to compare the CWD infectious load of different areas, controlling for climatic and 

seasonal variation. 

𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =
𝐻𝑖𝑔ℎ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒

𝐿𝑜𝑤 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒
 

As well, the use of different plant varieties with different residence times in the environment 

would let us appreciate not only the total amount of deposited infectivity, which would be 

calculated using incidence from long-residence time plants, but also how much infectivity has 

been deposited recently, which would be important to understand disease dynamics, 

especially in areas where cervids are migratory. 

The vegetation binding assay can also be used to assess the prion adherence capacity of 

agricultural products, especially of grasses that are used as feed and bedding, which are not 

heavily processed and thus at a greater risk of transmitting CWD. In addition, the effect of 
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foliar fertilizers and insecticides, which often contain wetting agents that may modify prion-

plant interactions, should be explored. Additionally, this assay could be used to discover 

which cuticle characteristics most impact CWD adherence, perhaps by utilizing the extensive 

Arabidopsis mutant library. Using data gathered from such experiments, we could limit CWD 

contamination on agricultural products by specifically cultivating crop cultivars that share 

features associated with low prion adherence capacity, or alternatively bioengineer crops with 

these properties. This would reduce the risk of interspecies transmission to livestock and 

humans. 

5.6  Concluding remarks 

Given the complexity of this fatal neurological disease, CWD management approaches must 

be multifaceted and must consider the diversity of CWD and its transmission properties. 

Models of CWD, which are central to assessing and evaluating mitigation efforts, must 

consider many of the factors discussed in this thesis. The choices made now in CWD 

management and mitigation will determine not only the future of our cervid populations, but 

also will have ramifications on human and livestock health for decades to come.
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Figure 5-1. CWD-infected cervids carry a range of conformers, varying by the type of cervid 

and cervid PrP alleles. This material will be shed onto plants and other vegetation, whose 

prion adherence capacity will determine how much infectivity will percolate into the soil. 

CWD positive cervids may carry multiple different CWD conformers, which is represented 

by the circle near each cervid that depicts all the PrPSc conformers in each animal. The 

different colours in the circle represent the different conformers, and their prominence 

infectious load is depicted by their proportion of the total circle. 
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Appendices 

Appendix 1. Lab grown Yarrow and Wheatgrass 

Use Sunblaster growth system on a capillary mat. Lights set to long day conditions (18hr on, 

6hr off). Seeds obtained from West Coast Seeds (SKU#SS112 and FL3825) 

1. Germinate seeds (see below). 

2. Gently remove seedlings from the paper towel and place on top of moist potted 

soil. Cover with cling wrap and tape closed. Leave under grow lights and keep well 

watered. 

3. Place seedlings on top of moist potting soil and cover with cling wrap and tape closed. 

Leave under grow light and keep well watered. 

4. Wait until plants are established and remove cling film. Remove excess seedlings. 

How to germinate western yarrow (Achillea millefolium var. occidentalis): 

1. Place seeds (well spaced) on a moistened folded paper towel and place in a square 

dish. Parafilm dish closed and place it under grow lights. Proceed to step two after 

around 6 days, when two seed leaves clearly visible in majority of seeds 

How to germinate hard red wheat (Triticum aestivum): 

1. Soak seeds overnight in water, then drain. Repeat. Once seed has begun to sprout 

(white root starts becoming visible), proceed to step two. 

Appendix 2. PK digestion procedure 

1. In total volume of 66.5 µL, add 10 µL brain homogenate or enough to make 100 µg 

protein, with the rest RIPA buffer (50mM Tris Base, 150mM NaCl, 1mM EDTA, 1% 

CA-360, 0.25% Na-deoxycholate).  

2. Add 3.5 µL of 1mg/mL proteinase K (Roche #0.115887001). 

3. Spin down, then lightly vortex. Incubate for 45 minutes at 37°C, 1350rpm. 

4. End by adding 70 µL 5x Laemelli sample buffer (0.75 M Tris-Cl pH 6.8, 0.5% 

Bromophenol blue, 25% v/v glycerol, 5% w/v SDS, 12.5% v/v β-mercaptoethanol) 

and boiling for 10 minutes. Leave overnight at 4°C, spinning down condensation 

before use. 

Appendix 3. PNGase f deglycosylation procedure 

1. Performed following PK digest using deglycosylation kit (New England Biolabs 

#P074S). 
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2. Set up PK digest of 100 µg brain homogenate as in Appendix 2. Stop reaction with 2 

µL PMSF. 

3. 10 µL of PK reaction, 8 µL water, 2 µL of Denaturing buffer and boil for 10 minutes. 

4. Spin down. Add 4 µL NP-40, 4 µL Glycobuffer 2, 8 µL mqH2O, and 4 µL PNGase f. 

5. Spin down. Incubate 3 hours at 37°C, 1350rpm. 

6. Boil in 40 µL 5X Laemmli buffer to end reaction. Leave overnight at 4°C, spinning 

down condensation before use. 

Appendix 4. Immunoblot procedure 

1. Place 12 or 15 well 12% pre-pored NuPAGE 12% Bis-Tris SDS-PAGE protein gels 

(Invitrogen #NP0343) into the gel system. Add 800 mL of 1x MOPS (50mM MOPS, 

50mM Tris base, 0.35mM SDS, 1.03mM EDTA) to the middle of the gel box, fill area 

between gels to the top, outside just underneath the well bottom. 

2. Load samples (1:1 sample: 5X Laemmli sample buffer). For most samples, load 

between 6-8 µL sample. 

3. Add 500 µL of 200X Antioxidant (1M Sodium bisulfite) to the area between the gels. 

4. Run at 70V for 20 minutes, then 110-115V for approximately 2.5 hours, or until the 

blue is almost run out of the gel. 

5. Assemble transfer sandwich, using 1X Transfer buffer with 10% methanol (10X 

transfer buffer: 190 mM Glycine, 24.5mM Tris base) using Immobilon-P PVDF 

membranes (Fisher Scientific #IPVH), being careful to avoid bubbles. 

6. Run transfer at 35V for 1.5 hours. Make 5% skim milk by adding 50mL 1X TBS with 

0.1 1% Tween-20 (10X TBS: 1.5M NaCl, 0.5M Tris, pH 7.4) and leave to mix during 

transfer. 

7. Block membrane in milk for 45 minutes. Add antibody and leave at 4°C overnight. 

8. Rinse membrane three times for four minutes in TBS-0.1% Tween 20 on the back and 

forth shaker, then leave in 10-15mL milk with 1:10 000 Goat Anti-mouse IgG (H+L) 

conjugated to HRP (Bio-Rad #170-6516) antibody for at least 1.5 hours. 

9. Rinse membrane three times for four minutes. Leave last rinse in while you set up the 

development cassette and ECL Western Blotting substrate (Fisher Scientific 

#PI32106). 

10. Leave membrane in a dish upside down to drain TBS-T. Mix 500 µL ECL reagent 1 

to the same amount of ECL 2. Carefully cover the membrane with ECL and leave 1 

minute, and then shake off additional fluid. Lay membrane between plastic sheet and 

close cassette. Note: make sure no ECL comes into contact with film. 
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11. Develop by exposing film (Super RX-N Fuji Medical X-Ray Film 100NIF; Fujifilm 

#47410 19291) in the dark room, then submerging in developer, rinsing, and then 

submerging in fixer. Wash off the fixer and hang to dry. 

Appendix 5. Generalized Plant-prion interaction assay 

1. Add 0.03g of plant material to 1.5mL microfuge tube in triplicate. 

2. Add 10 μL of 2.5% clarified brain homogenate (varies between type of brain 

homogenate) directly on the plant surface. Lightly vortex to distribute. 

3. Leave overnight at 4°C. 

4. Incubate 10 minutes in 200 µL mqH2O at 1350rpm.  

5. Remove water to a new tube, spinning down tubes to collect as much as possible. 

6. Freeze rinse and vegetation at -30°C until needed 

7. TCA precipitate rinse (‘unbound’). 

8. Add 200 μL 1% Triton X-100 in mqH2O and boil for 10 minutes. 

9. Remove detergent and add to a new tube (‘bound’). 

10. TCA precipitate. 

Note: Do not start TCA precipitation if you’re not planning on doing the prep on the same 

day. Other detergents, such as SDS, can interfere with TCA precipitation, in this case you can 

perform a methanol precipitation. 

Appendix 6. TCA/acetone precipitation 

1. Add 30 μL 100% TCA in mqH2O to 200 µL unbound or bound sample (13% final 

concentration). Incubate overnight at 4°C. Alternatively, for the same day 

precipitation incubate the samples for 5 minutes at -20°C, then 15 minutes at 4°C. Do 

not leave at -20°C until frozen, as this interferes with the precipitation. 

2. Centrifuge on high for 15 minutes, carefully discard supernatant (large pellets may 

slip out). 

3. Resuspend in 100 µL ice cold acetone and incubate on ice for 15 minutes. 

4. Centrifuge on high for 10 minutes. Repeat step 2 and 3 twice. 

5. Remove supernatant and let dry by leaving caps off in the chemical hood (maybe 10 

minutes) 

6. Resuspend in 20 µL of 2.5X Laemmli sample buffer and boil for 10 minutes. Run 

immunoblot immediately or leave at 4°C overnight. 
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Note: if the sample buffer changes to yellow, TCA was not completely washed out. Make 

more basic by dipping the tip in 2N NaOH, then into the sample (usually this is enough to 

change it back to blue). 

Appendix 7. Methanol precipitation 

1. To 200 μL rinse, add 800 μL ice cold methanol, mix well, and then incubate at -80C 

for one hour. 

2. Centrifuge at maximum (14000rpm) for 30 minutes. 

3. Dry in the SpeedVac for at least 30 minutes with caps loosened. (Note: it is very 

important to dry the samples, or else the residual methanol will interfere with the 

immunoblot. 

4. Resuspend in 20 µL 2.5X Laemmli sample buffer and boil 10 minutes. Run 

immunoblot immediately or leave at 4°C overnight. 

Appendix 8. Histology 

Tissue fixation 

1. Brains were cut sagitally and submerged into 10% Buffered Formalin Phosphate 

(Fisher Scientific #SF100), at least 30 mL formalin for one sagittaly-sectioned 

hamster brain, for at least 2 days at room temperature. 

2. Samples were placed in embedding cassettes, and then incubated twice in 70% 

ethanol for 1 hour, then 95% ethanol for one hour, then 4 times in 100% ethanol for 1 

hour. 

3. Samples were then incubated in xylene for 1 hour twice, and then incubated in molten 

paraffin wax at 60°C for one hour, twice. Samples were then cooled and stored until 

needed. 

4. Samples embedded in paraffin blocks were trimmed and sectioned into 5 µm thick 

slices using a Leica microtome (Leica # RM2255) and mounted onto Colorfrost slides 

(Fisher # 12-550-17) and dried overnight at 37°C. 

Hematoxylin and Eosin staining 

1. Deparaffinize and hydrate slides by incubating twice in xylene for 5 minutes, and then 

once for 3 minutes in decreasing concentrations of ethanol (100%, 95%, 80%, 70%), 

and then once more for 3 minutes in distilled water. 

2. Incubate hydrated slides in filtered Mayer’s hematoxylin (Fisher #22-110-639) for 2 

minutes, then tap water for 3 minutes, then dip 10 times in 0.1% sodium bicarbonate 

(Sigma # S7277) followed by another incubation in tap water for 3 minutes. Incubate 

in Eosin Y working solution (40mL 1% Eosin Y (Sigma#E4382), 4 mL 1% phloxin B 

(Sigma # P4030), 1.6 mLglacial acetic acid (Fisher #351270-212), 310 mL 95% 

ethanol) for 30 seconds, followed by 2-3 quick rinses in distilled water. 
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3. Dehydrate the slides by incubating in 95% ethanol for 2 minutes, then 100% ethanol 

for 2 minutes, then twice in xylene for 5 minutes each time. 

4. Cover the dehydrated slide with a cover slip (Fisher # 12-548-5E) and seal with 

cytoseal 60 (Fisher # 23-244-256). Let dry for 48 hours at room temperature. 

PrPSc IHC protocol 

1. Deparaffinize and hydrate slides by incubating twice in xylene for 5 minutes, and then 

once for 3 minutes in decreasing concentrations of ethanol (100%, 95%, 80%, 70%), 

and then once more for 3 minutes in distilled water. 

2. Wash the hydrated slide in PBS-0.05% Tween 20 (10X PBS (Boston BioProducts # 

BM-220), Tween 20 (Sigma # P5927)) twice for 5 minutes and then add 10mM citrate 

buffer (100mM of citrate buffer stock (100mM Citric acid (Sigma#C83155), 0.5% 

Tween 20, pH 6.0) and heat at 121°C and 2.1 bar in a pressure cooker for 30 minutes. 

3. Rinse twice in distilled water for 3 minutes and then incubate in 98% formic acid for 

30 minutes, then rinse twice in distilled water for 3 minutes. 

4. Incubate with 4M guanidine thiocyanate (Fisher #BP221, MW 118.16) at room 

temperature for 2 hours, and then rinse in PBS-0.05% Tween 20 for 5 minutes twice. 

Incubate in 3% H2O2 (Fisher # H325) and wash in PBS-0.05% Tween 20 for 5 

minutes twice. 

5. Antibody (3F4, 1:500) is biotinylated and diluted in 50 mM Tris-HCl pH 7.4 (Trizma 

base (Sigma #T1503)) with 1% BSA (OmniPur #2960) according to the manufacturer 

protocol (DAKO ARKTM (animal research kit), peroxidase # K3954), then applied to 

the slide and incubated overnight at 4°C in a humidified chamber. 

6. The slide is then rinsed for 5 minutes in PBS-0.05% Tween 20 twice, then incubated 

with streptavidin-peroxidase (Invitrogen # 50-209Z) for 15 minutes, and then rinsed 

for 5 minutes in PBS-0.05% Tween 20 twice. 

7. The slide is incubated in DAB (BD PharmingenTM #550880) until it becomes brown, 

then washed again for 5 minutes in PBS-0.05% Tween 20 twice. 

8. Incubate in Mayer’s hematoxylin (Fisher # 22-110-639) for 2 minutes, rinsed in tap 

water for 3 minutes, then dipped 10 times in sodium bicarbonate, and then rinsed in 

tap water for an additional 3 minutes. 

9. Dehydrate the slides by incubating in 95% ethanol for 2 minutes, then 100% ethanol 

for 2 minutes, then twice in xylene for 5 minutes each time. 

10. Cover the dehydrated slide with a cover slip (Fisher # 12-548-5E) and seal with 

cytoseal 60 (Fisher # 23-244-256). Let dry for 48 hours at room temperature. 
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Appendix 8. Chapter 3 supplementary data 

Supplemental Table 3-5. Hamsters that showed neurological signs but lacked PrPres 

Isolate N PrPres negative, neurological signs Incubation period 

70045 7 1 631 

74200 7 1 645 

73931 9 1 727 

74148 9 1 538 

74448 9 3  538, 619, 711 

74754 6 3 634, 699, 726 
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Supplemental Figure 3-4. Atypical migration patterns were present in some hamsters that 

displayed clinical signs, but there was no increase in signal intensity in the second passage of 

these hamsters. A. Atypical migration patterns in some first passage hamsters. PK digest 

performed using three times the normal amount of brain homogenate. Samples were digested 

in 50µg/mL proteinase K for one hour. B. Samples were digested in 50 µg/mL proteinase K 

for one hour. The lane with the black bars contains the protein ladder demonstrating 

molecular weight in kilodaltons (kDa). The origin of the isolate inoculated into the hamsters 

is shown below the immunoblot; either the deer code (e.g., 70045), uninfected hamster brain 

homogenate (NBH), or hamster-adapted CWD (hCWD). Primary antibody: 3F4.
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Supplemental Figure 3-5. Atypical migration pattern was due to cross reactivity with the 

secondary antibody. Samples were digested in 50µg/mL proteinase K for one hour. A. 

Comparison of the atypical migration pattern using three different primary antibodies, Saf70, 

Saf83, Bar224; secondary antibody: GαM: HRP 1:10000. B. Comparison of primary and 

secondary antibody compared to secondary alone. The lane with the black bars contains the 

protein ladder demonstrating molecular weight in kilodaltons (kDa). Samples were either 

undigested (-) or digested in PK (+). uninfected hamster brain homogenate (NBH), or 

hamster-adapted CWD (hCWD). Primary antibody: 3F4, Saf83, Bar224 as noted above. 
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Supplemental Figure 3-6. Cross-reactivity in the secondary antibody is increased by 

increasing the amount of brain homogenate digested, increasing the amount of proteinase K 

used in the digest, and increased time of digestion (1 hour (hr) or 1.5 hours). The lane with 

the black bars contains the protein ladder demonstrating molecular weight in kilodaltons 

(kDa). Atypical samples were compared to hamster-adapted CWD (hCWD). Primary 

antibody: 3F4. 

 


