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Summary 
 

This thesis presents the lacking information on genetic susceptibility of Pakistani 

population to human prion disease variants and of local domesticated bovids to Bovine 

Spongiform Encephalopathy (BSE). In study 1, a total of 909 unrelated individuals 

including 221 hemophiliacs representing all 4 major provinces of Pakistan were 

screened for M129V polymorphism and insertions or deletions of octapeptide repeats 

(OPRIs/OPRDs) using Polymerase Chain Reaction coupled with Restriction Fragment 

Length Polymorphism (PCR-RFLP). Concordance of the results of some PCR-RFLP 

reactions was also confirmed by dideoxy automated Sanger sequencing. The 

frequencies of M129V alleles (129M and 129V) and genotypes (129MM, 129MV and 

129VV) were found in all 909 individuals to be 0.7101, 0.2899, 0.5270, 0.3663 and 

0.1067, respectively. Deletion of 1 octapeptide repeat (1-OPRD) was detected in 

heterozygous state in PRNP of 10 individuals and in homozygous state in 1 individual. 

An insertion of 3 octapeptide repeats (3-OPRI) was found in 1 individual and an 

insertion of 1 octapeptide repeat (1-OPRI) in two individuals. Both 3-OPRI and 1-OPRI 

were present in heterozygous state and were linked to 129M allele. There were no 

significant χ2 differences between M129V allelic and genotypic frequencies of healthy 

individuals and hemophiliacs. However, M129V allelic and genotypic frequencies 

differed significantly between Pakistani population and East Asian and Western 

populations. Non-significant χ2 differences between M129V frequencies of healthy 

individuals and hemophiliacs suggest that individuals manifesting single gene disorders 

may provide naturally randomized samples for studies aiming at surveying the genetic 

variation. The combined excess of 129MM and 129VV homozygosity and the presence 

of 3-OPRI in 1 individual imply that Pakistani population may be susceptible to prion 

disorders. In study 2, a total of 236 cattle from 7 breeds and 281 buffaloes from 5 breeds 

were screened for E211K polymorphism and 23 bp and 12 bp indels employing triplex 

PCR. The E211K polymorphism was not detected in any of the animals studied. The 

23 bp insertion allele was underrepresented in studied cattle breeds while the 12 bp 

insertion allele was overrepresented. Both 23 bp and 12 bp insertion alleles were 

overrepresented in studied buffalo breeds. Almost 90% of alleles were insertion alleles 

across all studied buffalo breeds. The average frequency of 23 bp and 12 bp insertion 

alleles across all studied cattle breeds was found to be 0.1822 and 0.9407, respectively. 



xi 
 

There were significant differences between Pakistani and worldwide cattle in terms of 

allele, genotype and haplotype frequencies of 23 bp and 12 bp indels. The higher 

observed frequency of 12 bp insertion allele suggests that Pakistani cattle are relatively 

more resistant to classical BSE than European cattle.  
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Prion Diseases  

 

Introduction 

Prion diseases are a group of untreatable, invariably fatal neurodegenerative conditions 

which have been shown to occur naturally in humans and several mammalian species. 

They can efficiently transmit within and between susceptible species because of which 

they are also referred to as Transmissible Spongiform Encephalopathies (TSEs). TSEs 

may arise sporadically, be inherited or be acquired. So far, TSEs have been found in 

nearly 30 species including human.  

 

The prion protein gene (PRNP)      

PRNP is the only gene that is strongly associated with TSEs. The human PRNP is 

positioned on the short (p) arm of chromosome 20 (20p13), from base pairs 4,666,796 

to 4,682,233. It is a single copy 16 kb gene with two exons (Puckett, et al., 1991). The 

second exon contains the whole open reading frame.                                                  

 

The product of PRNP, the prion protein (PrP)                                                                           

The second PRNP exon is translated into 253 amino acids (aa) protein, the prion protein 

(PrP) (Kretzschmar, et al., 1986). PrP, like other transmembrane proteins, is 

translocated into the endoplasmic reticulum (ER) during translation (Hegde and Rane, 

2003). The first 22 N-terminal aa of PrP constitute signal peptide for its transport to 

ER. The signal peptide is removed from PrP within ER lumen. The last 23 C-terminal 

aa provide signal for the addition of glycosylphosphatidylinositol (GPI) anchor to PrP. 

They are cleaved off the protein once GPI anchoring occurs. The GPI anchor helps PrP 

to attach to the outer surface of cell membranes (Stahl, et al., 1990). The side chains of 

asparagine residues at position 181 and 197 of PrP are glycosylation sites for the 

attachment of complex oligosaccharides. Variable PrP glycosylation at these positions 

may result in the synthesis of diglycosylated, monoglycosylated and the unglycosylated 

forms (Caughey, et al., 1989; Endo, et al., 1989). There is also a region of 5 repeats 

within PrP from residues 51 to 91 comprised of a nonapeptide PQGGGGWGQ and four 

tandem octapeptide repeats (PHGGGWGQ)4 (Kretzschmar, et al., 1986). The 

octapeptide repeats play a role in neuroprotection by copper binding (Zomosa-Signoret, 

et al., 2008).  

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/translation/
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PrP expression can occur in a variety of cells; central neurons are considered to be the 

major expression site (Zomosa-Signoret, et al., 2008; Choi, et al., 2009; Nicolas, et al., 

2009). The PrP sequence shares more than 85-90% homology among a wider range of 

mammalian species. This indicates the functional relevance of the protein. The 

physiology of PrP largely remains elusive till now (Parchi, et al., 2011). However, 

functional studies suggest that PrP is possibly involved in the transport of copper ions 

from the surrounding environment to cells, cell signaling and the formation of synapses 

(Zomosa-Signoret, et al., 2008).  

 

PrP exists in two major isoforms: a normal cellular (PrPC) isoform and a pathogenic 

(PrPSc) isoform implicated in the etiology of TSEs. The superscript (Sc) has been used 

to refer to scrapie, the first and the most ancient animal TSE (Prusiner, 1998). Many 

authors also use superscripts other than (Sc) to distinguish normal and pathogenic 

(disease-causing) isoforms. These include (res) for resistant and (Dis) for disease. An 

abbreviated name of a prion disease can also be used as superscript to point out the 

origin of the pathogenic isoform i.e. PrPSc or PrPCJD. Cruetzfeldt-Jacob disaese (CJD) 

is an example of human prion disease. The pathogenic isoforms are simply called prions 

(the infectious protein particles) (Prusiner, 1982). 

 

The structure of PrPC 

The NMR structure of human PrPC like mouse PrPC has revealed an N-terminal flexible 

unstructured region from residues 23-125 and an orthogonal bundle structured C-

terminal globular domain from residues 125-231. The globular domain consists of three 

alpha helices H1 (residues 144-154), H2 (residues 175-193) and H3 (residues 200-219), 

an antiparallel beta sheet made up of two short strands S1 (residues 128-131) and S2 

(residues 161-164) and a disulphide bridge between cysteines at position 179 and 214. 

A conserved hydrophobic region spanning residues 112-135 involves the termini of 

both unstructured and structured PrPC domains (Riesner, 2003). The PrPC structure has 

been illustrated in Fig. 1.  

 

The structure of PrPSc  

The abnormal PrPSc isoform differs from the normal PrPC isoform in secondary and 

tertiary structure, but not in primary amino acids sequence. Structural analysis of these 

isoforms by circular dichroism has distinguished PrPC from PrPSc by difference in alpha 

http://en.wikipedia.org/wiki/Synapse
http://www.ncbi.nlm.nih.gov/books/NBK1229/?log$=disease3_name#prion.REF.prusiner.1998.1
http://en.wikipedia.org/wiki/N-terminal
http://en.wikipedia.org/wiki/C-terminal
http://en.wikipedia.org/wiki/C-terminal
http://en.wikipedia.org/wiki/Alpha_helix
http://en.wikipedia.org/wiki/Beta_sheet
http://en.wikipedia.org/wiki/Secondary_structure
http://en.wikipedia.org/wiki/Tertiary_structure
http://en.wikipedia.org/wiki/Circular_dichroism
http://en.wikipedia.org/wiki/Alpha_helix
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helical and beta sheet contents. PrPC is composed of 43% alpha helical and 3% beta 

sheet contents, while PrPSc consists of only 30% alpha helix and 43% beta sheet (Pan, 

et al., 1993). This conformational discrepancy renders the PrPSc isoform extremely 

resistant to proteolysis and degradation by conventional means of chemical and 

physical decontamination or disinfection. In contrast to PrPSc, PrPC is soluble in non-

denaturing detergents and is completely degraded by proteases (Prusiner, 1982).  

 

 
 

Fig. 1 The structural domains and genetic variations within human PrP. Following mutations are not 

associated with prion diseases: S97N, P105S and F198V. The 3-dimensional structure of PrPSc yet 

remains to be elucidated. Single letter names for amino acids have been used to designate mutations and 

polymorphisms i.e., M129V means that methionine at the PrP codon 129 has been replaced by valine. 

All single letter abbreviations are defined in list of abbreviations. 

 

PRNP variants conferring susceptibility to TSEs 

Several pathogenic variations (mutations) and polymorphisms have been found in the 

coding region of PRNP gene (Fig. 1). Each mutation or polymorphism has been 

represented by PRNP codon number in between alternating amino acids. For example, 

the M129V polymorphism denotes the PRNP codon 129 where either methionine (M) 

or valine (V) is encoded. Some of PRNP polymorphisms, G127V, M129V, E219K, 

N171S, and a deletion of a single octapeptide repeat (1-OPRD) have been associated 

http://en.wikipedia.org/wiki/Alpha_helix
http://en.wikipedia.org/wiki/Beta_sheet
http://en.wikipedia.org/wiki/Alpha_helix
http://en.wikipedia.org/wiki/Beta_sheet
http://en.wikipedia.org/wiki/Beta_sheet
http://en.wikipedia.org/wiki/Proteolysis
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/gene/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/deletion/
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with susceptibility to prion diseases (Mead, et al., 2009; Beck, et al., 2010). Although 

these polymorphisms do not appear to cause prion diseases, they have been shown to 

increase the disease susceptibility and play a role in altering the phenotype of the 

disease. Homozygosity at codon 129 is associated with an increased susceptibility to 

human prion diseases. On the other hand, heterozygosity at this codon confers 

resistance by interfering with homologous interactions between PrPSc and PrPC 

molecules (Collinge, et al., 1991; Palmer, et al., 1991; Collinge, et al., 1996; 

Cervenáková, et al., 1998; Lee, et al., 2001; Mead, et al., 2003; Collinge, et al., 2006; 

Wroe, et al., 2006; Mead, et al., 2009). In the presence of a mutation within PRNP, the 

M129V polymorphism strongly affects the phenotype of the disease. Two familial 

forms of human prion disease (fatal familial insomnia (FFI) and familial Cruetzfeldt-

Jacob disease (fCJD)) are associated with the same D178N mutation. The only 

difference exists in the linkage of the 178N allele to M129V. It is linked to methionine 

at codon 129 in FFI and to valine at codon 129 in fCJD. The E219K polymorphism has 

been reported as protective against a sporadic form of Cruetzfeldt-Jacob disease in 

Japanese population (Shibuya, et al., 1998a and b). 

 

Molecular pathogenesis of prion diseases 

According to the “protein-only” hypothesis, prions are principally or may be solely 

composed of the pathogenic PrPSc isoforms (Griffith, 1967; Prusiner, 1982 and 1998). 

They unlike conventional pathogens are devoid of nucleic acids. The interaction of non-

specific smaller fragments of nucleic acids with prions is, however, possible (Safar, et 

al., 2005b). Such biochemical interactions may fuel the processes of infection, 

replication and neuroinvasion by prions (Soto, 2010). The cellular PrPC isoform is 

required for prions to cause pathogenicity. Experimental intracerebral infection by 

hamster-adapted scrapie prions was unable to cause the development of the disease in 

mice lacking PRNP (Prnp0/0). However, these mice became highly susceptible to the 

infection when the PrPC expression was reinstated to normal levels by intracerebral 

introduction of PRNP transgenes or grafts of neuroectodermal tissues (Büeler, et al., 

1993; Prusiner, et al., 1993; Brandner, et al., 1996).  

 

The molecular events involved in pathogenesis of prion diseases have been explained 

by two models. The “heterodimer” model assumes that a single PrPSc molecule binds 

to a single PrPC molecule and catalyzes its conversion into PrPSc. The older and newer 

http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/phenotype/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/codon/
http://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/phenotype/
http://en.wikipedia.org/wiki/Enzyme
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PrPSc molecules then disintegrate to start a new cycle of conversion. There are two 

discrepancies which hinder the approval of heterodimer model: 1) a limited amount of 

monomeric PrPSc molecules cannot catalyze the process of conversion to the rate 

enough for causing the disease (Eigen, 1996), 2) the infectious monomeric PrPSc 

molecules have never been isolated, despite extensive efforts. Conversely, PrPSc has 

been isolated in oligomeric or polymeric aggregates such as amyloid (Collinge and 

Clarke, 2007). The alternative “seeding- nucleation” model therefore, assumes that 

PrPSc exists only as fibrils, the ends of which bind PrPC and convert it into PrPSc. The 

quantity of prions is expected to increase linearly by the addition and conversion of 

PrPC at the fibrils’ ends. However, an exponential increase in the quantity of both PrPSc 

and the infectivity titre was found during the course of prion disease (Weissmann, 

1999). This meant that breakage of fibrils extending a threshold length occurred and 

the newly formed fragments of fibrils catalyzed the conversion of further PrPC 

molecules. Either nucleation of preexisting fibrils or a new infection can initiate a 

replication cycle of fibrils’ growth and breakage. The seeding-nucleation model is 

depicted in Fig. 2.  

 

It has been proposed that PrPSc polymers are not directly harmful to susceptible species. 

The neurotoxic species designated as PrPL (lethal) are believed to be intermediate 

products between PrPC and PrPSc. The existence of neurotoxic species within a cellular 

compartment depends on the rate at which PrPL molecules are produced, converted into 

PrPSc and cleared out by cellular metabolism (Collinge and Clarke, 2007). There is 

some possibility for different cellular cofactors to modulate the kinetics of prions 

replication by interfering with the stability and conformation of products on the 

pathway of prions propagation and clearance (Soto, et al., 2010; Ryou, et al., 2011). As 

human or animals manifest disease after prolonged incubation periods, PrPL molecules 

are possibly more favored to convert into PrPSc molecules to the cellular saturation 

levels. Cellular PrPSc saturation may prompt the rate of PrPL production over PrPSc 

production by decreasing the fidelity of conversion reactions. In biophysical terms, 

smaller cellular space and diminished surface area of reacting molecules may hinder 

prions propagation. PrPL yet remains to be isolated and characterized. The process of 

prion propagation during prion disease occurs in two phases: an incubation phase and 

a neurotoxic phase. The rate of prions propagation is exponential during the incubation 

phase and is not rate-limited by the concentration of PrPC. In contrast, the neurotoxic 

http://en.wikipedia.org/wiki/Amyloid
http://en.wikipedia.org/wiki/Linear_function
http://en.wikipedia.org/wiki/Exponential_growth
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phase which, most probably, starts after cellular PrPSc saturation depends on PrPC 

concentration. More will be the PrPC concentration during this phase, rapid will be the 

clinical onset of a prion disease (Sandberg, et al., 2011). Cellular saturation of PrPSc or 

PrPL or of both is likely to trigger clearance mechanisms for the less likely survival or 

the most likely sudden death of infected cells to overcome the spread of infectivity. 

Thus, the time at which the disease manifests or death occurs would entirely be defined 

by cellular heterogeneity in response of clearance mechanisms (Mawuenyega, et al., 

2010). The ability of cellular proteins to convert into polymers may be an example of 

“cellular dustbins” which work to sequester the extra amounts of overexpressed 

proteins.  

 

The pathogenesis of all more than 25 protein misfolding disorders (PMDs) including 

TSEs, type 2 diabetes, Alzheimer’s, Parkinson’s and Huntington’s diseases can be 

explained on the basis of seeding-nucleation model (Zhang, et al., 2008; Olanow and 

Prusiner, 2009; Soto, 2010). The seeding-nucleation model is also implicated in the 

production of prions within yeast and fungi. However, fungal prions are inheritable and, 

instead of causing cellular toxicity, determine various cellular phenotypes 

epigenetically by the regulation of different gene expression pathways (Tuite and Serio, 

2010). Understanding the molecular basis of this controversial prions behavior between 

mammalian and microbial life may assume a much wider relevance in PMDs.  

 

As the incubation phase of prion diseases may prolong to almost 50 years (Collinge, et 

al., 2006), therapeutic strategies should aim at slowing down the rate of exponential 

growth of prions instead of eliminating them completely. The problem is how a 

person’s or animal’s incubating prions will be found out before the clinical onset which 

follows the incubation phase. Currently, there is no cure for prion diseases. 

 

Spontaneous conversion of PrPC into PrPSc 

The transport of prions can occur in multiple ways between peripheral tissues and the 

central nervous system (CNS). Sometimes, prions are transported after their replication 

in hematopoietic cell lines of alimentary canal and sometimes, their transport occurs 

principally via peripheral nerves (Haybaeck, et al., 2011). Contacts of nearby cellular 

membranes are not essential for the transport of protein aggregates between cells, 

although only specific cell membrane structure, lipid rafts, will allow this event to 

http://www.sciencemag.org/search?author1=Kwasi+G.+Mawuenyega&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tuite%20MF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Serio%20TR%22%5BAuthor%5D
http://en.wikipedia.org/wiki/Exponential_growth
http://en.wikipedia.org/wiki/Exponential_growth
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happen (Frost, et al., 2009; Münch, et al., 2011). A logical mechanism by which 

acquired PrPSc molecules lead to PrPC conversion corresponds to seeding-nucleation 

model (Fig. 2). The question is how in vivo spontaneous generation of prions occurs?  

 

 
 

Fig. 2 The seeding-nucleation model showing kinetics of prions propagation and clearance.  

 

It is supposed that immature or misfolded PrPC molecules undergo retrograde 

translocation from ER into cytoplasm where they are degraded by proteosomes. Aside 

from retrograde translocation, PrPC may also revert to cytoplasm without entering ER 

or is retained as a part of ER as cytosolic transmembrane protein (PrPctm). The 

cytoplasmic accumulation of PrPC is known to result in spontaneous generation of PrPSc 

fibrils which can intiate the autocatalytic conversion of PrPC into PrPSc (Ma and 

Lindquist, 2002; Ma, et al., 2002; Hegde and Rane, 2003). Advanced age may be a risk 

factor for the accumulation of protein aggregates into cytoplasm. The cytosolic protein 

aggregates cause the inhibition of the proteosomal activity as a result of which their 

titre builds up (Hegde and Rane, 2003; Yoshioka, et al., 2010).  

 

Spontaneous generation of PrPSc molecules and PrPSc fibrils are rare events. According 

to the “refolding” model, spontaneous conformational conversion of PrPC into PrPSc is 

kinetically kept at undetectable rates by a high activation energy barrier. On interaction 
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with preexisting or exogenously introduced PrPSc, PrPC undergoes an induced 

conformational conversion into PrPSc. To explain the postulated high energy barrier, 

extensive unfolding and refolding of the protein is assumed to occur during conversion 

reaction (Weissmann, 1999). Certain mutations in PRNP associated with human 

familial prion diseases are thought to decrease the conformational stability of mutant 

PrP molecules (PrPM). The decreased stability of PrPM may cause an increase in the 

retrograde translocation of PrPC from ER into cytosol or in the production of PrPctm. 

PrPctm triggers apoptosis by causing ER stress (Pham, et al., 2008; Wang, et al., 2011). 

The spontaneous clinical onset of familial human prion diseases in late life is consistent 

with spontaneous conversion of PrPC into PrPSc as a rare event. Sporadic human prion 

diseases result from an extremely rare event of spontaneous conversion of PrPC into 

PrPSc which leads to a conversion cascade. This event occurs in one or two among a 

million individuals per year (Weissmann, 1999).  

 

PrPC is involved in the metabolism of divalent ions such as copper and moves via 

endosomal/lysosomal pathways between cell membrane and cytosol. Variations in pH 

of endosomal/lysosomal compartments and in the concentration of divalent ions may 

also result in spontaneous in vivo generation and aggregation of PrPSc molecules (Fig. 

3). A few divalent ion binding domains are generated in PrPC by the involvement of 

nitrogen atoms of the histidine imidazole side chains and deprotonated amide nitrogens 

from the second and third glycines of the octapeptide repeats. The ability of PrPC to 

bind divalent ions is therefore pH dependent. NMR analyses have revealed that the 

binding of divalent ions into octapeptide repeats results in a conformational change at 

the N-terminus of the protein (Brown, et al., 2002; Pushie, et al., 2011).  

 

The phenomenon of strains variation and diagnosis of prion diseases  

Prion disorders are suspected on the basis of neurological symptoms including 

psychiatric symptoms (behavioral changes), ataxia and dementia and are confirmed by 

immunopathological profiling of spongiform lesions and PrPSc deposition in CNS 

(Wadsworth, et al., 2010). According to “conformational” model, a number of different 

conformations of PrPSc isoforms or prions are possible. Each conformation will 

represent a different prion strain (Weissmann, 1999). The typing of prion strains takes 

into account the relative resistance of PrPSc molecules to partial proteolysis by 

proteinase K (PK). By applying partial PK treatment, PrPC is completely digested while 

http://en.wikipedia.org/wiki/Histidine
http://en.wikipedia.org/wiki/Imidazole
http://en.wikipedia.org/wiki/Side_chain
http://en.wikipedia.org/wiki/Amide
http://en.wikipedia.org/wiki/PH
http://en.wikipedia.org/wiki/Nuclear_magnetic_resonance
http://en.wikipedia.org/wiki/Protein_structure
http://en.wikipedia.org/wiki/N-terminus
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PrPSc molecules are broken down into fragments of detectable length (8 kDa-36 kDa). 

However, such biochemical strain typing cannot be performed on limited amounts of 

PrPSc from brain homogenates or peripheral tissues such as blood. To overcome this 

problem, either saturation or amplification of isolated PrPSc to detectable limit is carried 

out by different in vitro assays including protein misfolding 

 

 
 

Fig. 3 Mechanisms underlying spontaneous and/or acquired prions conversion.  

 

cyclic amplification (PMCA). PMCA uses the principle of seeding-nucleation model 

and includes two steps. In the first step, smaller amounts of prions isolated from a 

diseased brain or peripheral tissue are incubated with excess of recombinant PrPC. The 

conversion of PrPC into PrPSc fibrils occur during incubation. In the second step, the 

newly formed PrPSc fibrils are fragmented into smaller ones using ultrasound. These 

two steps are repeated multiple times to increase the amount of PrPSc to diagnostic limit.  

Thus, the amplification of proteins by PMCA is analogous to DNA amplification by 

PCR (Castilla, et al., 2006). PMCA can also be helpful in determining the risk of prions 



11 
 

transmission from asymptomatic carriers to healthy humans or animals via blood 

transfusion, tissue transplantation and contamination of surgical instruments and the 

external environment (Safar, et al., 2005a; Gough, et al., 2009; Maddison, et al., 2010; 

Edgeworth, et al., 2011; O'Rourke, et al., 2011).  

 

A strain is biochemically defined by pattern and ratios of PrPSc fragments on Western 

blot (Fig. 4). The clinical phenotypic heterogeneity of the most common human prion 

disease (sporadic Cruetzfeldt-Jacob disease (sCJD)) can be attributed to at least 6 

combinations (MM1, MV1, VV1, MM2, MV2 and VV2) of 3 M129V genotypes (MM, 

MV and VV) and 2 strain types (1 and 2). The strain type 1 is distinguished from type 

2 on the basis of the size of unglycosylated PrPSc fragment. The size of this fragment is 

21 kDa in type 1 while 19 kDa in type 2. The vCJD (variant Cruetzfeldt-Jacob disease) 

strain is characterized by higher ratio of diglycosylated 36 kDa fragment. Three 

different strain classification systems (Gambetti, Collinge and Kretzschmar) to explain 

the clinical phenotypic heterogeneity of human prion diseases have been reported  

(Bishop, et al., 2010; Brandner, et al., 2011; Gambetti, et al., 2011; Parchi, et al., 2011; 

Wadsworth and Collinge, 2011).  

 

Prion strains can also be typed by investigating the biological properties (incubation 

periods) and neuropathological profiles of prion diseases (Collinge and Clarke, 2007; 

Angers, et al., 2010; Wadsworth and Collinge, 2011). An ensemble of prion strains may 

exist in an affected individual, although, in most of cases, a single strain is dominantly 

propagated and correlates to the clinicopathological phenotype of the disease (Collinge 

and Clarke, 2007; Yokoyama, et al., 2010; Thackray, et al., 2011). However, any prion 

strain from the affected individual may be selected for propagation upon transmission 

in the same or a different species. According to the “conformation selection” model, 

the prion selection depends on conformational compatibility between the strain and 

primary PrPC structure of the host. Alternatively, the dominantly propagating strain may 

mutate to a new strain upon variation in incubation environment (Collinge and Clarke, 

2007; Angers, et al., 2010; Yokoyama, et al., 2010; Baron, et al., 2011; Barria, et al., 

2011; Thackray, et al., 2011). When no strain from ensemble propagates to a level 

sufficient to cause disease in normal life span of a species, the existence of species 

barrier is considered. The species barrier may, however, be broken by serial passages 

of strains into the same species. Although biological, clinicopathological and 
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biochemical properties of strains are altered on serial passaging; a serially passaged 

strain usually attains its original properties upon inoculation in the donor species 

(Collinge and Clarke, 2007; Baron, et al., 2011).  

 

For in vivo diagnosis of prion diseases, to address various disease mechanisms and to 

determine the potential of a prion strain to cross species barrier or to mutate into a new 

strain, brain, peripheral or environmental PrPSc isolates are inoculated into laboratory 

animals (mice and hamsters). These laboratory animals may have wild genetic 

background or may harbor PRNP transgenes expressing appropriate amounts of PrPC 

under study for conversion. The PrPSc-inoculated mice are then observed for biological 

features such as incubation time, disease onset and ultimately death upon which other 

confirmatory tests are performed. The mice can also be sacrificed at various defined 

periods between inoculation and death to study the kinetics of prions propagation, the 

composition of PrPSc isoforms and the safety and efficacy of antiprion agents 

(Wadsworth, et al., 2004; Angers, et al., 2010; Wadsworth, et al., 2010; Barria, et al., 

2011; Haybaeck, et al., 2011; Sandberg, et al., 2011). Various phenomena of in vivo 

prions propagation can also be modeled by the use of PMCA.  
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Fig. 4 Strains variation, pathogenesis and diagnosis of prion diseases. sCJD (sporadic Cruetzfeldt-Jacob 

disease), iCJD (iatrogenic CJD), vCJD (variant CJD), VPSPr (variably protease-sensitive prionopathy) 

fCJD (familial CJD), FFI (fatal familial insomnia), kDa (kilo Daltons), PMCA (protein misfolding cyclic 

amplification), CDI (conformation-dependent immunoassay) 

 

Relation of ecobiology of prions transmission to public health 

Prions generated from spontaneous conversion of PrPC in an animal or a human may 

transmit within and between species. Intraspecies transmission is more efficient than 

interspecies transmission. The rate of prions propagation depends on overlap between 

primary structures of transmitting prions and PrPC molecules in the host species. The 

dominance of clearance mechanisms over the prions propagation mechanisms would 

render a normal life span to the host species (Collinge and Clarke, 2007). At present, 

carrier individuals of susceptible species present a great challenge to the management 

of prions transmission. The carrier individuals can deposit infectivity into ecosystems 

in the form of placenta, dead bodies, excreta (feces and urine) and secretions (milk, 

saliva, nasal aerosols and tears). From contaminated ecosystems, susceptible humans 

or animals may acquire prions through intralingual, nasal, transdermal or the most 

viable oral route (Tamgüney, et al., 2009b; Haybaeck, et al., 2011). Prions are highly 

resistant to decomposition and their attachment to soil particles may even enhance their 

stability and infectivity (Johnson, et al., 2006; Johnson, et al., 2007). Natural 

intraspecies transmission of prions is well documented for sheep and deer (Tamgüney, 

et al., 2009b). Moreover, prions originating from cattle with bovine spongiform 
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encephalopathy (BSE) have shown interspecies transmission via oral route to humans 

and many zoo animals (Fig. 5 and Table 1).  

 

Fig. 5 The ecobiology of transmission of prions.  

 

Some cases of secondary transmission of BSE prions causing variant Cruetzfeldt-Jacob 

disease (vCJD) in humans have also occurred. The secondary transmission of BSE 

prions occurred via blood transfusion from carriers of vCJD to susceptible individuals 

(Collinge and Clarke, 2007). These facts have raised massive public health concerns in 

Western world. Details on transmission or origins of TSEs in various species are given 

in the upcoming section.  

 

Human and Animal prion diseases 

Sixteen different variants of prion disease have been reported so far: 9 in humans and 

7 in animals. The etiology, host range and year of description for these disease variants 

are given in Table 1. 
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Table 1 Etiology of prion diseases 

 

Disease  Host  Etiology     Year of Description

 

Scrapie  Sheep, Goats Infection with Prions of unknown origin  1732            

Kuru  Human  Ritualistic Cannibalism or “Transumption”   1900s                      

sCJD  Human  Spontaneous PrPC→PrPSc conversion   1920                  

    or somatic mutation                                                                                   

fCJD  Human  Mutations in PRNP     1924                   

GSS   Human  Mutations in PRNP     1936             

TME  Mink  Infection with Prions of either sheep or cattle origin 1947               

CWD     Cervids  Infection with Prions of unknown origin  1967      

iCJD  Human  Infection with Prions of human origin by cadaveric     1974                                                                             

    corneal grafts, hGH or dura mater                                            

FFI   Human   PRNP haplotype 178N- 129M    1986                             

BSE  Cattle  Infection with Prions of unknown origin  1986              

EUE        Nyala, Kudu Infection with Prions of BSE origin   1986              

FSE  Cats  Infection with prions of BSE origin   1990              

NHP  Lemurs             Infection with Prions of BSE origin   1996             

vCJD  Human  Infection with Prions of BSE origin   1996                 

sFI    Human  Spontaneous PrPC→PrPSc conversion   1999                  

    or somatic mutation                                                                         

VPSPr  Human  Spontaneous PrPC→PrPSc conversion   2008                  

    or somatic mutation   

 

sCJD (sporadic Cruetzfeldt-Jacob disease), fCJD (familial CJD), GSS (Gerstmann-Sträussler-Scheinker 

syndrome), TME (transmissible mink encephalopathy), CWD (chronic wasting disease), iCJD 

(iatrogenic CJD), FFI (fatal familial insomnia), BSE (bovine spongiform encephalopathy), EUE (exotic 

ungulate spongiform encephalopathy), FSE (feline spongiform encephalopathy), NHP (TSE in non-

human primates), vCJD (variant CJD), sFI (sporadic fatal insomnia), VPSPr (variably protease-sensitive 

prionopathy)  

 

Human prion diseases 

Sporadic Cruetzfeldt-Jacob Disease (sCJD)  

Sporadic Cruetzfeldt-Jacob Disease accounts for 85% of all CJD cases with annual 

worldwide incidence of 1-2 cases/million population (Mead, et al., 2003). It occurs 

equally in both sexes with a peak age of onset between 55 and 75 years. Some younger 

(below 20 years) and oldest (above 90 years) cases have also been reported. Clinical 

symptoms include rapidly progressive dementia, cerebellar dysfunction including 

muscle incoordination, and visual, speech and gait abnormalities. Dementia is the major 

symptom followed by spontaneous or induced myoclonia. During the disease course, 

symptoms of pyramidal and extrapyramidal dysfunction with reflexes, tremors, 

spasticity and rigidity, and behavioral changes with agitation, confusion and depression 
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may also be observed. At the end of the disease course, most of patients go into a state 

of akinetic mutism (they become unresponsive to exterior stimuli) (Belay, 1999; 

Brandel, 2004).  

 

The presence of spongiform changes and sparse PrPSc distribution in CNS of sCJD 

patients are the hallmark of neuropathology of the disease. The deposits of amyloid 

plaques may also be noticed for 5-10% of cases (Belay, 1999; Kawauchi, et al., 2006). 

On the basis of clinicopathological findings, different variants of sCJD have been 

described. Amaurotic or Heindenhain variant is characterized by rapidly progressive 

dementia, myoclonus, visual disturbances such as hallucinations, visual agnosia and 

cortical blindness, and short disease duration; Brownell and Oppenheimer variant is 

characterized by an early and predominant cerebellar ataxia and relatively late 

dementia; the thalamic form is characterized by dementia and movement disorders; 

while the panencephalic Japanese variant is characterized by high amount of cells in 

CSF, profound damage of the white matter and a very slow disease course (Belay, 1999; 

Brandel, 2004; Cornelius, et al., 2009;  Parchi, et al., 2011).  

 

Following clinical, biological, electrophysiological and neuropathological findings, 

sCJD cases can be classified as possible, probable or definite cases. Possible cases are 

characterized by rapidly progressive dementia accompanied by at least two of the 

following symptoms: myoclonus, cerebellar or visual symptoms, pyramidal or 

extrapyramidal signs, akinetic mutism and disease course of less than 2 years. Possible 

cases are considered probable cases when they reveal a characteristic periodic EEG or 

increased levels of 14-3-3 protein in CSF (Brandel, 2004). The 14-3-3 proteins are a 

large family of approximately 30 kDa acidic proteins that express in all eukaryotic cells. 

The 14-3-3 proteins isotypes are highly conserved and the 14-3-3 dimers are known to 

alter the conformation of their bound ligands while keeping their own structural 

alteration at minimum. The name 14-3-3 points to the particular elution and migration 

pattern of these proteins on diethylaminoethyl cellulose ion exchange chromatography 

and starch gel electrophoresis. The 14-3-3 proteins elute in the 14th fraction of bovine 

brain homogenate and are observed on positions 3.3 of subsequent electrophoresis 

(Moore and Perez, 1967). Definite cases are defined by the presence of spongiform 

changes or PrPSc reactivity in brain. Notably, sCJD symptoms may also be seen in 

disorders like Alzheimer’s disease, diffuse Lewy body’s disease or frontal dementia, 

http://en.wikipedia.org/wiki/Eukaryote
http://en.wikipedia.org/wiki/Electrophoresis
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paraneoplastic syndrome, tumor or stroke and in disorders with toxic, nutrition, 

metabolism or infection-related causes. Differential diagnosis for possible and probable 

cases of scud is therefore needed. Computed tomography (CT) may reveal signal of 

mild brain atrophy in some cases. The use of cranial magnetic resonance imaging (MRI) 

is helpful in detecting brain atrophy and, in more than 50% of cases, may reveal high 

signals on T2, flair or diffusion- weighted sequences in basal ganglia or in cerebral or 

cerebellar cortex. Almost all sCJD cases show altered electroencephalographic (EEG) 

signals. Slow wave activity remains constant and deteriorates with the progression of 

the disease. Pseudo-periodic sharp waves’ complexes of 1 Hertz are characteristic of 

EEG in sCJD cases. To overcome the transient nature of periodic sharp waves’ 

complexes, repeated EEG recordings are required (Brandel, 2004). 

 

The clinicopathological and molecular phenotypes of sCJD are greatly influenced by 

variations in PRNP. PRNP polymorphisms in regulatory as well as coding sequences 

have been associated with predisposition to the disease development (Palmer, et al., 

1991; Mead, et al., 2001; Bratosiewicz-Wasik, et al., 2007). Homozygosity at M129V 

polymorphism is a strong risk factor for the development of sCJD (Palmer, et al., 1991; 

Windl, et al., 1996). In Japanese, homozygosity at another PRNP polymorphism E219K 

is also a risk factor for the development of sCJD (Shibuya, et al., 1998a and b). E219K 

has been found in only Asian and Pacific populations (Mead, et al., 2003; Soldevila, et 

al., 2003). Inefficient interaction between heterologous PrPC molecules encoded from 

distinct PRNP alleles (129M and 129V) may restrict the conversion of PrPC into PrPSc. 

Any constraint in the process of prions propagation is assumed to slow down the 

progression of the disease (Palmer, et al., 1991).    

 

Familial or Genetic CJD (f/gCJD)  

Familial CJD (fCJD) is associated with dominantly inherited point mutations, insertions 

of 1-9 octapeptide repeats (1-9-OPRI) and a deletion of 2 octapeptide repeats (2-OPRD) 

in PRNP (Fig. 1). Because more than 50% of fCJD cases have been reported without a 

positive family history of the disease, the term “genetic CJD (gCJD)” is now being used 

more frequently instead of fCJD. There is much variation in the penetrance of different 

mutations as evidenced by considerable intrafamilial and intragenerational phenotypic 

variability; sometimes, the disease may skip a generation. The incidence of gCJD is 5-

15% of all CJD cases. Although the familial nature of gCJD is known since 1920s, 
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mutations associated with the disease were first reported in 1989 only 2 years after the 

cloning of PRNP cDNA (Kretzschmar, et al., 1986; Belay, 1999; Gambetti, et al., 2003; 

Brandel, 2004; Capellari, et al., 2011; Gambetti, et al., 2011). The frequency of 

mutations differs worldwide; however, geographical or ethnic clusters of gCJD cases 

with mutations E200K, I210V, D178N, and V180I have been reported from Israel, 

Slovakia, Chile, Italy, Spain and Japan (Nozaki, et al., 2010; Gambetti, et al., 2011). 

 

Similar to CJD, the clinicopathological phenotype in gCJD largely correlates with the 

codon 129 genotypes and PrPSC type, and mutations appear to play a role not more than 

a susceptibility factor. Whether PRNP polymorphisms other than M129V also influence 

the disease characteristics is unknown. Multiple strains, although yet remain 

unidentified, may be involved in the pathogenesis of the disease. For some gCJD cases, 

fragments of 12-18.5 kDa in addition to fragments of 19 and 21 kDa which characterize 

PrPSc types 2 and 1, respectively, can also be found. PRNP mutations may play their 

part in the pathogenesis of gCJD by following mechanisms: i) by increasing the 

propensity of PrPC and PrPM for aggregation, ii) by increasing the retention of 

aggregated PrP molecules within secretory pathways, and iii) by modulating the 

intramolecular salt-bridge and hydrogen bond interactions. Disturbance in 

intramolecular interactions is known to project the hydrophobic amino acids outside 

making the protein insoluble (Capellari, et al., 2011). With increase of every OPR, both 

the ability of PrPM for binding divalent ions such as copper and the severity of 

clinicopathological phenotype are increased. The biochemical strain typing of gCJD 

often reveals the underrepresentation of unglycosylated fragments. This is because 

unglycosylated fragments are more unstable than mono- and diglycosylated fragments 

and are, therefore, more inefficient in their transport from secretory pathways to the 

plasma membrane (Capellari, et al., 2011; Corsaro, et al., 2011; Gambetti, et al., 2011). 

Although clinical phenotypes related to most of mutations overlap with those of sCJD 

(Gambetti, et al., 2011), the clinical phenotype in gCJD cases carrying the T183A-

129M haplotype is slightly distinctive and incorporates personality changes followed 

by rapidly progressive dementia, with fronto-temporal features such as aggressive 

behavior, hyperorality, verbal stereotypes and often parkinsonian signs (Nitrini, et al., 

1997). 
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Fatal Familial Insomnia (FFI)  

Previously known as thalamic dementia but renamed in 1986 as fatal familial insomnia 

(FFI) is an autosomal dominantly inherited human prion disease. FFI is caused by a 

PRNP mutation D178N linked to methionine of the PRNP polymorphism M129V. 

When linked to valine at the codon 129, the same mutation leads to a diverse phenotype 

of f/gCJD (Lugaresi, et al., 1986; Montagna, et al., 2003; Capellari, et al., 2011). So far, 

almost 100 cases of FFI in almost 40 families have been reported from Italy, Germany, 

Austria, Spain, UK, France, Finland, the United States, Australia, Japan, China, and 

Morocco (Baldin, et al., 2009).  

 

FFI occurs equally in men and women without any significant difference between 

129MM and 129MV genotypes. However, the disease duration may be significantly 

shorter in 129MM subjects. The FFI cases present between 20-72 years with an average 

of 49 years and may live after the disease onset for 8-72 months with an average of 18.4 

months. Clinical symptoms include insomnia or disrupted sleep. Myoclonus, ataxia, 

dysarthria, dysphagia, and pyramidal signs, and autonomic hyperactivation can also be 

noted. Severity and sequence of clinical symptoms may differ between 129MM and 

129MV genotypes. Insomnia, myoclonus and autonomic dysfunction are often more 

severe in 129MM subjects, while ataxia, dysarthria and seizures often predominate in 

129MV subjects (Belay, 1999; Gambetti, et al., 2003; Montagna, et al., 2003; Brandel, 

2004; Capellari, et al., 2011).  

 

Polysomnography is very useful for the diagnosis of the disease. It provides evidence 

of insomnia by displaying marked reduction in sleep time and disorderly transition 

between sleep stages. The 129MV genotype is known to reduce the severity of these 

signs of abnormal sleep. In contrast, the 129MV genotype is associated with more 

widespread hypometabolism in the thalamus and cingulate cortex as revealed by 

positron emission tomography (PET). Thus, PET may be another useful tool for the 

diagnosis of FFI. With later cerebral cortical and cerebellar involvement, neuronal loss 

and astrogliosis occur predominantly in the anterior and dorsomedian thalamic nuclei 

in all cases and in the inferior olives in most cases with scant PrP deposition. However, 

PrP deposits may be more evident in the molecular layer of the cerebellum with a strip 

like pattern and in the subiculum entorhinal region (Belay, 1999; Gambetti, et al., 2003; 

Montagna, et al., 2003; Brandel, 2004; Capellari, et al., 2011). 
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Sporadic Fatal Insomnia (sFI) 

A sporadic form of fatal insomnia (sFI) was reported in 1999. The patients showed 

clinical and neuropathological signs similar to FFI but family history and mutations in 

PRNP were not evident. All patients were 129MM homozygotes and biochemical strain 

typing of these disease subtypes revealed the only difference in the intensity of the 

unglycosylated fragment of PrPSc type 2; the unglycosylated fragment was under-

represented in FFI (Mastrianni, et al., 1999; Parchi, et al., 1999; Montagna, et al., 2003). 

So far, near 24 sFI cases all revealing 129MM homozygosity and propagating PrPSc 

type 2 have been reported in various countries of the world (Priano, et al., 2009). sFI is 

occasionally also referred to as “sCJDMM2 thalamic” but is clinicopathologically 

sufficiently distinct from sCJDMM2. In sCJDMM2, cerebral cortex is most severely 

affected rather than thalamus where possibly the circadian rhythms of sleep-wake cycle 

are controlled (Montagna, et al., 2003; Gambetti, et al., 2011). How the same MM2 

PrPSc encodes distinct phenotypes in sCJD and sFI is a matter of concern, indicating 

that factors additional to the codon 129 genotype and PrPSc type may also be involved 

in the determination of prion strains. However, MM2 PrPSc conformers associated with 

sCJD and sFI may show variation in the intensity and size of their fragments by the 

application of more sensitive 2-dimensional electrophoretic separation and improved 

PK digestion conditions (Gambetti, et al., 2011). 

 

Gerstmann-Sträussler-Scheinker Syndrome (GSS)  

Autosomal dominant inheritance of PRNP mutations may also lead to another form of 

human TSE named as Gerstmann-Sträussler-Scheinker Syndrome (GSS). GSS is 

characterized by an early onset between 30-60 years of age and slow disease 

progression extended over a period of 3.5-9.5 years. Clinical symptoms which may 

show intrafamilial and intragenerational variation include cerebellar ataxia, gait 

abnormalities, dementia, dysarthria, ocular dysmetria, infrequent myoclonus, spastic 

paraparesis, parkinsonian signs, and hyporeflexia or areflexia in the lower extremities 

(Belay, 1999; Brandel, 2004).  However, legs hyperreflexia from an early disease 

course has recently been seen in a Japanese GSS patient carrying the P102L mutation 

(Takazawa, et al., 2010). In GSS, altered sleep and temperature rhythms may also be 

noticed (Provini, et al., 2009). The PRNP polymorphism M129V has been shown to 

influence the disease phenotype. When linked to V129 allele, P102L, which is the most 
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common cause of GSS, resulted in the predominance of psychiatric signs such as apathy 

and depression (Bianca, et al., 2003). EEG is rarely diagnostic in GSS. The incidence 

of GSS is 1 in 100 million of population per year (Belay, 1999). Following PRNP 

mutations have been shown to cosegregate with GSS: P102L, P105L, A117V, Y145X, 

F198S, Q217R, and Y218N (Fig. 1). Y218N demonstrated clinical criteria for possible 

Alzheimer disease and possible frontotemporal dementia, with neurofibrillary 

degeneration on neuropathological profiles, and various PrPSc fragments in the range of 

10-80 kDa (Alzualde, et al., 2010). In general, neuropathologic features of GSS patients 

include numerous unicentric or usually multicentric amyloid plaques, severe to absent 

spongiform changes, neuronal loss, astrocytic microgliosis, and variable nuerofibrillary 

tangles (Belay, 1999; Brandel, 2004; Liberski and Brown, 2009).  

 

Iatrogenic CJD (iCJD)  

Iatrogenic CJD (iCJD) was first described in 1974 in a person who received cadaveric 

corneal transplant from a patient of CJD (Duffy, et al., 1974). Several cases of human 

prion disease, since then, have been associated with iatrogenic transmission of CJD by 

the use of stereotactic intracerebral EEG needles or neurosurgical instruments, 

cadaveric dura mater grafts and intramuscular injections of contaminated cadaveric 

pituitary-derived human growth hormone (hGH) and gonadotrophin hormone. The 

highest proportion of iCJD cases is attributed to treatment with hGH and Lyodura grafts 

produced by B. Braun Melsungen AG of Germany and processed before May 1987. 

Most of CJD cases linked to treatment with hGH have occurred in France, while those 

linked to treatment with dura mater grafts have mainly occurred in Japan (Belay, 1999; 

Will, 2003; Brandel, 2004; Nozaki, et al., 2010). Between the late 1950s and 1985, 

about 30,000 children were treated with hGH worldwide, and the overall proportion of 

CJD cases from the treated population has been estimated to be about 1/100. It is 

believed that the likely PrPSc contamination of pituitary-derived hGH and dura mater 

grafts resulted from the practice of batch processing. Before the production of 

recombinant hGH, it was a pharmaceutical practice to process 5,000-20,000 cadaveric 

pituitary glands in a single batch for the extraction of the hormone. The presence in the 

batch of a few pituitary glands from unknown CJD cases may be responsible for 

contamination. With the availability of recombinant hGH and the initiation of separated 

processing of individual dura mater grafts since 1987, the probability of occurring 
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future iCJD cases appears to be very low. A peak in the incidence of iCJD cases with 

long incubation periods may occur, however (Belay, 1999; Will, 2003; Brandel, 2004).     

 

The clinicopathological features of CJD linked to treatment with hGH resemble with 

those of kuru. The 129MM homozygosity is a risk factor and incubation periods may 

be in the range of 4.5 to over 25 years with a mean of 12 years (Collinge, et al., 1991; 

Belay, 1999; Will, 2003; Brandel, 2004). In contrast, the clinicopathological features 

of CJD linked to neurografting of dura mater or the use of neurosurgical instruments 

resemble with those of sCJD. The mean duration of illness is 18 months and the 

incubation periods may be in the range of 1.5–18 years with a mean of about 6 years. 

In Japan, the minimum risk of developing iCJD has been estimated to be approximately 

1/3000 Lyodura graft recipients (Belay, 1999; Will, 2003; Brandel, 2004).                                                                                                                                 

 

Kuru  

Kuru is the first human prion disease that was shown to be transmissible to chimpanzees 

by intracerebral introduction of brain homogenates from kuru patients (Gajdusek, et al., 

1966). Kuru has occurred exclusively in the Fore linguistic group of Papua New Guinea 

Eastern Highlands and the neighboring peoples with whom they intermarried. There 

was a practice among these groups to consume the dead bodies of their relatives as a 

mark of respect and mourning (ritualistic cannibalism). Women and young children of 

both sexes were more exposed to the risk material such as brain and viscera than adult 

men who usually had preferentially to consume muscles. The kuru epidemic killed 1-

2% of the population at its peak. Some villages became even devoid of adult women. 

With a ban on ritualistic cannibalism in the mid-1950s imposed by Australian 

authorities, the incidence of the disease started to decline steadily. Kuru was introduced 

to Western medicine in late 1950s, although the first case of kuru was observed around 

1920. The Western scientists were very soon able to prove ritualistic cannibalism as the 

etiology of the disease. The older kuru patients who experienced an exposure to the 

infection before the ban can still be seen. The incubation periods of kuru in such patients 

would be more than 50 years (Mead, et al., 2003; Collinge, et al., 2006; Brandner, et 

al., 2008; Liberski and Brown, 2009; Mead, et al., 2009). Kuru has imposed strong 

selection pressure in the affected Fore groups on PRNP especially at codons 127 and 

129. Heterozygosity at these PRNP codons is a resistance factor for kuru and can be 
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seen with marked prevalence among survivors of the kuru epidemic (Mead, et al., 2003 

and 2009).   

  

Kuru has 3 clinical stages namely ambulant (still can walk), sedentary (only can sit up), 

and terminal (unable to sit up independently). An ill-defined prodromal period 

characterized by headache and pain usually in the joints of legs may precede these 

stages. Cerebellar ataxia, tremors and choreiform and athetoid movements are 

distinctive and prominent clinical signs. Shivering amplifiable by cold was the 

symptom on the basis of which the disease was named “kuru”. The most prominent 

clinical feature of sCJD, the dementic illness can also occur in some cases but it happens 

during the final disease stages only. Neuropathological features such as spongiosis, 

neuronal loss, and astrocytic microgliosis can variably be observed in CNS usually in 

the grey matter. The PrPSc deposition is observed in CNS only (Brandner, et al., 2008; 

Liberski and Brown, 2009). The property which distinguishes kuru from sCJD is the 

presence in the brain of numerous unicentric kuru plaques, spherical bodies with a rim 

of radiating filaments. Kuru is believed to be caused by the consumption of a sCJD case 

and experimental transmission studies have shown similarity between the molecular 

and pathobiological properties of prions causing kuru, sCJD and iCJD (Wadsworth, et 

al., 2008). Similar studies have also revealed differences in transmission dynamics, 

peripheral pathogenesis and the neuropathology properties of kuru and vCJD prions. 

As both kuru and vCJD are caused by infection via oral route, these differences can be 

attributed to the strain type rather than the route of infection (Brandner, et al., 2008).  

However, a recent study showed that sCJD, BSE and scrapie agents were evidently 

different from the kuru agent in incubation time, brain neuropathology, and the 

lymphoreticular involvement. The authors concluded that “the geographic 

independence of the kuru agent provides additional reasons to explore causal 

environmental pathogens in these infectious neurodegenerative diseases” (Manuelidis, 

et al., 2009; Manuelidis, 2010).  

 

Variant CJD (vCJD)  

The first 10 patients of new variant or simply of variant CJD (nvCJD/vCJD) were 

reported in April 1996 in UK. The age of these patients was relatively younger between 

16-39 years and they manifested a predominance of psychiatric symptoms instead of 

cerebellar ataxia or progressive dementia (Will, 2003). About 219 vCJD cases have 



24 
 

been reported hitherto from 8 European and 4 non-European countries (USA, Canada, 

Saudi Arabia, and Japan). The most of vCJD cases (172) have been reported from UK 

alone (Beekes, 2010). Psychiatric and behavioral symptoms of vCJD may include 

agitation, aggression, depression, anxiety, apathy, emotional lability, insomnia, poor 

concentration, paranoid delusion, recklessness, or withdrawal; a combination of two or 

more of these symptoms appears in most of the patients. Some patients may also show 

signs of sensory disturbance such as pain, paresthesia, and dysesthesia. The neurologic 

symptoms occur at least 6 months after the onset of psychiatric symptoms and include 

cerebellar ataxia, cognitive impairment, involuntary movements which may be 

dystonic, choreiform or myoclonic. Incontinence of urine, progressive immobility, and 

akinetic mutism are the late onset signs. Death often occurs because of intercurrent 

infections. The mean age at onset of symptoms is 29 years, and the progression or total 

duration of the disease spans 18 months in average, which is similar to that is reported 

for kuru and iCJD linked to treatment with hGH (Belay, 1999; Will, 2003; Brandel, 

2004). Generalized slowing of EEG activity and an increase in the levels of 14-3-3 

protein in CSF may be diagnostic of vCJD in more than 50% of the cases. However, 

the observation of posterior thalamic high signals characterized by ‘pulvinar’ or 

‘hockey stick’ signs on T2 diffusion or Flair weighted MRI imaging and the detection 

of PrPres in tonsillar biopsy are important for the specific diagnosis of the disease 

(Brandel, 2004; Lukic, et al., 2010).  

 

The neuropathalogical hallmark of vCJD is the presence of kuru-type amyloid plaques 

surrounded by spongiform lesions “the florid plaques” which also have been seen in 

scrapie but never in other human prion diseases (Belay, 1999; Will, 2003; Brandel, 

2004). Spongiform changes occur most evidently in the basal ganglia and thalamus with 

sparse distribution throughout the cerebral cortex. The florid plaques and PrPres 

immunohistochemical staining have occurred predominantly in the cerebellum and 

cerebrum (Belay, 1999). However, sufficient amounts of PrPres are detected in the 

lymphoreticular system of vCJD patients (Will, 2003). The detection of PrPres in the 

lymphoreticular system has confidently been used for the diagnosis of vCJD even in 

clinically normal subjects (carriers) (Ironside, et al., 2006). To date, all vCJD patients 

have been 129MM homozygotes (Bishop, et al., 2009). 
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Very soon after the report on 10 vCJD cases, epidemiological studies, experimental 

transmission of the disease to cynomologous macaques and mice (wild as well as 

transgenic) and biochemical strain typing linked the etiology of vCJD to infection from 

BSE prions (Will, 2003). Studies on primary and secondary transmission of vCJD and 

BSE to mice expressing human PrP have suggested that either the same or diverse 

phenotypes may develop depending on the sources of inocula and the PrP sequence of 

recipient, and that 129MV heterozygotes may be less resistant to vCJD transmission 

than they are resistant to BSE (Wadsworth, et al., 2004; Asante, et al., 2006). The 

E219K heterozygosity which has been considered a risk factor for transmission of BSE 

to humans may confer resistance to vCJD transmission within humans (Hizume, et al. 

2009; Lukic, et al., 2010). Moreover, at least 4 pathologically confirmed cases including 

1 with subclinical or potentially preclinical infection have been associated with the 

secondary vCJD transmission via blood transfusion (Wroe, et al., 2006). These reports 

on secondary iatrogenic transmission and the possibility of vCJD occurrence with long 

incubation periods in individuals with 129MV and 129VV PrP genotypes have raised 

serious public health concerns (Ironside, et al., 2006; Wilson and Ricketts, 2006; 

Bishop, et al., 2008; Kaski, et al., 2009). Of note, some cases of kuru and iCJD have 

occurred after incubating the disease for almost 50 and 30 years, respectively (Brown, 

et al., 2000; Collinge, et al., 2006; Wroe, et al., 2006; Brandner, et al. 2008).    

 

Variably Protease-Sensitive Prionopathy (VPSPr)  

In 2008, a novel form of atypical dementia was demonstrated in 11 patients, all of whom 

were 129VV homozygotes and most of whom revealed a positive family history for 

cognitive impairment. No mutation in PRNP additional to the M129V polymorphism 

was detected. The clinical course of the disease was 2 years longer than sCJD but 

neuropathological profiles were diagnostic of TSEs. A more distinctive feature based 

on which the disease was named initially as “protease-sensitive prionopathy” (PSPr) 

was the reduced resistance of PrPDis isoforms to proteolysis by PK. The proteolysis of 

PrPDis isoforms by PK resulted in more than 3 PrPDis fragments (Fig. 4). Amplification 

by PMCA and transmissibility to animal models of PrPDis yet remain to be investigated 

(Gambetti, et al., 2008; Gambetti, et al., 2011). These studies will also inform on 

molecular mechanisms of the disease pathogenesis.  
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Similar to sCJD, PSPr can be seen in individuals harboring any of 3 M129V genotypes 

(129MM, 129MV and 129VV). As the sensitivity of PrPDis isoforms to treatment with 

PK was variable according to the codon 129 genotype, the disease was renamed as 

‘‘variably protease-sensitive prionopathy’’ (VPSPr). The PrPDis from 129VV cases was 

more sensitive to PK treatment than was PrPDis from 129MM cases, with PrPDis from 

129MV cases showing intermediary PK sensitivity (Zou, et al., 2010). Moreover, based 

on the codon 129 genotype, the PrPDis conformers from VPSPr cases not only showed 

differential immunoreativity to monoclonal antibodies raised against various PrP 

epitopes but also varied in the intensity (ratios) of individual fragments. Whether the 

codon 129 genotypes are associated with distinct clinical phenotypes, 

neuropathological lesions and histological distribution of PrPDis remains to be 

elucidated. To date, 30 cases with VPSPr including 20 of 129VV, 7 of 129MV and 3 

of 129MM PRNP genotype have been reported from various countries (Jansen, et al., 

2010; Rodríguez-Martínez, et al., 2010; Zou, et al., 2010; Gambetti, et al., 2011). 

According to this data, the PRNP genotype 129MM appears protective against the 

development of VPSPr (Gambetti, et al., 2011). 

 

Animal prion diseases  

Scrapie  

Scrapie is the ancient form of TSEs. It is known since 1732 and has occurred in sheep, 

goats and moufflons (Jeffrey and González, 2007). As is the case with other prion 

diseases, clinicopathological phenotypes of scrapie vary according to the prion strain 

and animals’ genetic background. Multiple prion strains may exist in a single scrapie 

isolate and a PrPSc conformer underrepresented in one breed may be selected as 

dominantly propagating strain in another breed (Yokoyama, et al., 2010; Thackray, et 

al., 2011). Clinical symptoms may include behavioral changes, blindness, ataxia, 

incoordination, hyperexcitability and tremors. Intense pruritus is the most common 

symptom which usually leads to wool loss by rubbing and scraping, and results in a 

characteristic nibbling response from animal when the dorsum is scratched or pressure 

over the base of tail is applied. The incubation period of scrapie is 2-5 years and death 

occurs within 2 weeks to 6 months after clinical onset. Neuropathological signs are 

spongiform vacuolation, astrogliosis and the deposition of PrPSc amyloid plaques in 

CNS. PrPSc has been detected in the nervous system, tonsils, spleen, lymph nodes, 
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nicitating membrane, muscles, placentas, distal ileum and proximal colon. Detection of 

PrPSc in the third eye lid is used as rapid diagnostic test in live animals. Excretions and 

secretions have also been found to contain PrPSc infectivity which may transmit 

between animals horizontally. About 3-5% animals per affected flock may die annually 

and an increase upto 20% in annual mortality rates has also been noted in some flocks 

(Novakofski, et al., 2005; Jeffrey and González, 2007; van Keulen, et al., 2008; 

Maddison, et al., 2010; O'Rourke, et al., 2011). 

                                   

The above-mentioned facts are about classical or typical sheep scrapie. Atypical cases 

of both sheep and goat scrapie have also been described. In atypical scrapie, the major 

clinical symptoms are ataxia and incoordination. Pruritus is uncommon. Clinical signs 

of goat scrapie overlap with those of sheep scrapie and may include irritability, loss of 

inquisitiveness, unusual alertness, restlessness, impaired vision, hyperesthesia, 

incoordination, posture abnormalities, tremors, and teeth grinding, salivation, or 

regurgitation of rumen contents (Benestad, et al., 2008; Goldmann, 2008; Vaccari, et 

al., 2009).  

 

Several amino acid polymorphisms in both the ovine and caprine PRNP genes have 

been reported to be associated with scrapie susceptibility. Sheep exposed to natural or 

experimental PrPSc infection have been shown to gain maximum scrapie resistance in 

the presence of Q171R polymorphism and maximum scrapie susceptibility in the 

presence of A136V polymorphism. A three codon system based on A136V, R154H and 

Q171R/H polymorphisms has been developed by using five alleles (ARQ, VRQ, AHQ, 

ARR and ARH). These five alleles can be combined into 15 genotypes i.e. ARR/ARR 

or VRQ/ARQ which, in turn, can be classified into five groups (R1-R5) according to 

the susceptibility they confer to the disease. The most resistant R1 genotype is 

ARR/ARR and the most susceptible R5 genotypes are VRQ/VRQ, VRQ/ARQ, 

VRQ/ARH and VRQ/AHQ. The remaining genotypes are of intermediary 

susceptibility. This risk classification system has helped many European states in 

selective breeding of sheep against scrapie. The selective breeding of sheep against 

scrapie caused no considerable negative impacts on production, reproduction and health 

of animals (Dawson, et al., 2008; Sweeney, et al., 2008). The presence of ARR/ARR in 

either ewe or her fetus would resist the PrPSc accumulation in placenta (Novakofski, et 

al., 2005; Goldmann, 2008). Though ovine PRNP polymorphism has been abundantly 
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linked to the scrapie risk, a few studies have been carried out for the analysis of caprine 

PRNP gene in this regard. This is due to the fact that the prevalence of typical scrapie 

outbreaks in goat is comparatively much lower than in sheep. However, caprine PrP 

polymorphisms I142M, H143R, N146S/D, R154H, R211Q and Q222K have been 

shown to be associated with low scrapie risk. Atypical scrapie is also influenced by 

variations in PRNP and has been reported to occur in animals carrying genotypes 

conferring resistance to typical scrapie (Benestad, et al., 2008; Goldmann, 2008; 

Vaccari, et al., 2009). 

 

Bovine Spongiform Encephalopathy (BSE or “Mad Cow” disease)  

Bovine Spongiform Encephalopathy (BSE) or “the Mad Cow disease” is a progressive 

and invariably fatal neurodegeneration in cattle. The clinical signs of BSE may include 

tremors, gait abnormalities particularly of hindlimb (ataxia), aggressive behavior, 

apprehension, and hyperreactivity to stimuli. PrPSc accumulation and spongiform 

vacuolation are usually found in the brain (Novakofski, et al., 2005). At the terminal 

stages of the disease, BSE prions may also be detected in spinal cord, retina, ileum, 

adrenal glands, tonsils, bone marrow, peripheral nerves, dorsal root ganglia, trigeminal 

ganglion and thoracic ganglia. The BSE infectivity may be observed in brain tissues as 

early as 2 years after post inoculation. Epidemiological and transmission studies have 

found no evidence of BSE prions in milk, semen or embryos and there is little or no 

evidence of its horizontal transmission. However, the offspring of infected animals have 

shown an increased risk for disease development. The incubation period for BSE is 2 

to 8 years and most of BSE cases have been found in 4 to 5 years old dairy cattle 

(Novakofski, et al., 2005; http://www.cfsph.iastate. edu). Apart from BSE strain 

causing classical BSE via infection, two other strains (H-type and L-type) causing 

atypical BSE have been described. Most of atypical BSE cases have been detected 

during active surveillance targeting fallen stocks and slaughtered animals (Thiry, et al., 

2004; Ducrot, et al., 2008). Amyloid plaques can be detected in animals with atypical 

L-form BSE, although they are not typical of classical BSE 

(http://www.cfsph.iastate.edu). Both H-type BSE and L-type BSE are basically 

sporadic prion disorders. 

 

BSE cases have occurred worldwide in nearly 0.2 million Holstein-Friesian Bos taurus 

cattle, 1 Bos indicus animal, and 1 Bos taurus × Bos indicus cow (Novakofski, et al., 

http://www.cfsph.iastate/
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2005; Seuberlich, et al., 2006; Ducrot, et al., 2008; Nicholson, et al., 2008; Richt and 

Hall, 2008). BSE first appeared in mid 80s in UK, soon evolved to epidemic proportions 

with 1000 cases occurring per week in 1992, and has been shown to be naturally 

transmissible to a number of zoo species (Sigurdson and Miller, 2003). BSE has also 

transmitted to humans in the form of a variant of Cruetzfeldt-Jacob disease (vCJD) 

(Bruce, et al., 1997). The practice of using in cattle feed of meat and bone meal (MBM) 

possibly contaminated with infectious mammalian pathogenic prions was considered 

the likely cause of the BSE epidemic. A ban on the use of MBM in the ruminants feed 

ultimately resulted in a progressive decline of the epidemic (Ducrot, et al., 2008). 

Natural cases of transmissions of BSE have been described in sheep and goats. Such 

bovid animals may be an additional source of BSE transmission to humans (Houston, 

et al., 2000; Vulin, et al., 2011). Indeed, transgenic mice expressing human PrPC are 

more susceptible to sheep-passaged BSE than classical BSE (Plinston, et al., 2010). 

Origins of BSE are unknown. The accidental inclusion of tissues in MBM from familial 

or sporadic BSE cases, sheep with scrapie or CJD patients may be responsible (Hill, et 

al., 1998; Colchester and Colchester, 2005; Capobianco, et al., 2007; Nicholson, et al., 

2008; Richt and Hall, 2008; Baron, et al., 2011).  

 

All H-type BSE cases have occurred sporadically except one case that was recently 

found to be associated with E211K polymorphism in bovine PRNP (Nicholson, et al., 

2008; Richt and Hall, 2008). The E211K polymorphism is analogous to E200K 

mutation in the human prion protein, which is the major cause of familial or genetic 

human prion disease worldwide (Kovács, et al., 2005; Heaton, et al., 2008; Nicholson, 

et al., 2008; Richt and Hall, 2008; Capellari, et al., 2011). Two non-coding 

polymorphisms in bovine PRNP are known to confer susceptibility to classical BSE (a 

23 bp indel in the PRNP promoter and a 12 bp indel in the first intron (in= insertion and 

del= deletion) (Sander, et al., 2004). The 12 bp indel is the major component of 

resistance to classical BSE in UK Holsteins cattle (Juling, et al., 2006). However, these 

indel polymorphisms are not associated with susceptibility to atypical BSE (Brunelle, 

et al., 2007).   

 

The 23 bp and 12 bp insertion alleles contain transcription binding sites for Repressor 

Protein 58 (RP58) and Specificity Protein 1 (SP1), respectively. Both RP58 and SP1 

transcription factors interact with their corresponding binding sites and regulate the 
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expression of messenger RNA (mRNA) from PRNP (Sander, et al., 2005; Kashkevich, 

et al., 2007; Nakamura, et al., 2007; Xue et al., 2008; Msalya, et al., 2009). The presence 

of deletion alleles either at single or both of 23 bp and 12 bp indel sites are associated 

with increased susceptibility to classical BSE (Sander, et al., 2004; Juling, et al., 2006). 

A recent study evidenced that the mRNA levels were greater in the medulla oblongata 

of Japanese Black cattle harboring del/del genotype at the 23 bp indel site (Msalya, et 

al., 2011).  

 

A brief report to the European Union regarding the BSE and/or scrapie free status of 

Pakistan was drawn up by the Government of Pakistan, Ministry of Food, Agriculture 

& Livestock at the end of 1998 (http://ec.europa.eu/food/fs/sc/ssc/out199_en). 

According to this report, Pakistan has passive BSE surveillance system and is free of 

BSE and scrapie. However, no information regarding BSE susceptibility in Pakistani 

cattle is available.  

 

Transmissible Mink Encephalopathy (TME)  

TME is a rare TSE of farmed mink. Mink is a small semi-aquatic wild mammal that is 

raised in several countries for the production of fur. TME was first recognized in 

Wisconsin and Minnesota in 1947. Subsequently, TME outbreaks in US have occurred 

in 60s and 70s with the most recent outbreak in 1985. TME has also been seen in farmed 

mink in Canada, Finland, East Germany and the former USSR (Marsh and Hadlow, 

1992).  Although the origin of TME is still unknown, contaminated feed, mainly with 

the scrapie agent, was presumed to be the main source of infection. Mink inoculated 

with various strains of the scrapie agent revealed the development of TME. Oral 

infection of minks with the classical BSE agent also caused TME, but animals exhibited 

docile rather than aggressive behavior. More recently, the L-type BSE agent has been 

described as the most likely candidate for being causative of TME (Sigurdson and 

Miller, 2003; Baron, et al., 2007). TME is readily transmissible to raccoons by 

parenteral, intracerebral and oral routes, and can intracerebrally be transmitted to 

striped skunks, ferrets, American sable (pine martens), beech martens, cattle, sheep, 

goats, hamsters and non-human primates such as rhesus macaque, stump-tailed 

macaque and squirrel monkey. Non-transgenic mice are not susceptible to TME 

(Sigurdson and Miller, 2003). TME passaged in cattle has also been transmitted to mink 

both intracerebrally and orally with incubation periods of only 4-7 months (Marsh, et 

http://ec.europa.eu/food/fs/sc/ssc/out199_en
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al., 1991). A bifurcation in clinical phenotypes with distinct incubation periods, 

neuropathological lesions and biochemical profiles was produced in hamsters on 

inoculation with TME. Depending on clinical symptoms of the disease, one strain was 

named as “hyper (HY)” while the other as “drowsy (DY)” (Bessen and Marsh, 1992). 

On coinfection of these strains, DY shows a dominant competition for the recruitment 

of cellular PrPC into oligomers, and may reduce the incubation time or even block the 

ability of HY to cause the disease (Shikiya, et al., 2010).   

 

When housed in the same cage, minks may acquire the infection through cannibalism 

or biting of each other. However, at least in one outbreak, kits housed with their dams 

did not develop the disease. Environmental exposure and vertical transmission have not 

been found to cause the spread of the infection. TME has been detected only in adult 

mink, and may cause 60-90% or even 100% mortality during an outbreak 

(http://www.cfsph.iastate.edu). 

 

The clinical manifestation of the disease includes behavioral changes such as increased 

aggressiveness and hyperesthesia, depression, restlessness, and neglect in parental care 

and coat grooming. The affected minks often soil the nest or scatter feces in the cage. 

At the earlier disease stages, they may also exhibit difficulty eating and swallowing. 

Later, symptoms such as abnormal gait, ataxia, incoordination, occasional tremors, 

clenching of the jaw, curved tail like those of squirrels, and compulsive biting or 

mutilation of objects or of the self, particularly of the tail, may be noted. Near the end 

of the disease course, convulsions may occur, and minks become somnolent and 

unresponsive, and can be seen to press their heads against the cage for hours. Incubation 

time in naturally occurring TME may range from 6 to 12 months, and death usually 

occurs within 2 to 8 weeks (Sigurdson and Miller, 2003; http://www.cfsph.iastate.edu).       

   

Neuropathological features of TME include extensive spongiform degeneration in the 

neuropil of the brain. Astrocytosis also occurs. Spongiform changes are intense in the 

cerebral cortex, particularly in the frontal cortex, as well as the corpus striatum, 

thalamus and hypothalamus, but are less severe in the midbrain, pons and medulla, and 

usually, are not evident in the cerebellum and spinal cord. In addition to CNS, PrP 

deposits of the TME agent, but not amyloid plaques, have been detected in spleen, 

intestine, the mesenteric lymph node, thymus, kidney, liver and salivary glands of 
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experimentally infected mink (Sigurdson and Miller, 2003; http://www.cfsph. 

iastate.edu). 

 

Chronic Wasting Disease (CWD)  

CWD is a TSE of captive as well as free-ranging members of the family Cervidae. From 

1967 to now, CWD has been seen in 14 USA states, 2 Canadian provinces and in 

imported animals in South Korea. However, surveillance for CWD has been at 

minimum around the globe. The affected species include mule deer, white-tailed deer, 

black-tailed deer, Rocky Mountain elk, and Shira’s moose. The origin of CWD is still 

unknown, although intracerebral transmission of the scrapie agent has been shown to 

induce the disease in elk. More than 1 PrPCWD strains may exist among the affected 

populations (Sigurdson and Miller, 2003; Sigurdson, 2008; Tamgüney, et al., 2009a; 

Angers, et al., 2010). Epidemiological and experimental data provide evidence that 

horizontal transmission of CWD can efficiently occur by contact with affected animals 

or through environmental exposure (Sigurdson and Miller, 2003; Tamgüney, et al., 

2006; Sigurdson, 2008; Mathiason, 2009; Seelig, et al., 2010). Till now, the natural 

transmission of CWD has not been evident in humans who have exposed for long to the 

affected area and consumed venison, and also not in domestic bovids such as sheep and 

cattle cosharing the habitat with the affected cervids. Moreover, transgenic mice 

expressing either the human, ovine or bovine PrPC coding frames did not develop the 

disease when inoculated with the CWD agent (Sigurdson and Miller, 2003; Tamgüney, 

et al., 2006; Sigurdson, 2008; Sandberg, et al., 2010). However, other cervids such as 

red deer and reindeer/caribou are also susceptible to CWD through intracerebral and 

oral routes and may be contributive to sustaining the ongoing CWD epidemic in North 

America (Martin, et al., 2009; Balachandran, et al., 2010). CWD is also intracerebrally 

transmissible to cattle, sheep, goats, ferrets, hamsters, bank voles, mink, raccoons and 

squirrel monkeys (Sigurdson, 2008).  

The PrPCWD infectivity can be detected in the nervous system, the lymphoreticular 

system, the hematopoietic system, skeletal and cardiac muscles, pancreas, fat, retina, 

and the adrenal and salivary glands of naturally and/or experimentally infected animals 

(Sigurdson and Miller, 2003; Sigurdson, 2008; Race, et al., 2009; Seelig, et al., 2010; 

Spraker, et al., 2010). Virtually, no tissue in infected cervids should be considered free 

of the CWD agent. Susceptible animals may acquire the infectivity from their habitats 

during feeding on grasses or by drinking water contaminated with PrPCWD which 

http://www.cfsph/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tamg%C3%BCney%20G%22%5BAuthor%5D
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affected cervids excrete or secrete or deposit into the environment, even in the 

asymptomatic carrier state, in the form of feces, urine, saliva, blood, placenta and 

carcasses (Sigurdson and Miller, 2003; Safar, et al., 2008; Sigurdson, 2008; Nichols, et 

al., 2009; Tamgüney, et al., 2009b). Acquisition of the infectivity may be enhanced 

further by oral abrasions and nasal exposure to PrPCWD-containing droplets and aerosols 

(Denkers, et al., 2010; Denkers, et al., 2011). An important point is that the TSE agents 

can bind to soil particles, persist there for years still retaining the infectivity and 

transmit the disease via oral route with even more efficiency (Johnson, et al., 2006; 

Johnson, et al., 2007; Seidel, et al., 2007). These data provide a plausible explanation 

for the high incidence of CWD and efficient transmission of the infectivity among 

cervids (Fig. 5).  

 

Prevalence of the disease in affected herds may range from 0.1 to 50% or even 100%, 

sometimes. CWD has also been detected in USA in areas far from the original endemic 

area and raised several questions: Whether the infectivity has been transported to these 

areas illegally in the form of tainted materials or infected animals or by some another 

way, whether the scrapie agent has adapted to cause CWD by repeated natural passages 

into the deer, or if the PrPC conversion in cervids is proficient enough to result in the 

sporadic emergence of the disease, which may in turn establish the epidemic by 

horizontal transmission. Given that the routes of PrPCWD transmission are still uncertain, 

managerial decisions for the disease eradication based on the supervision of animal 

trade, and quarantine or mandated destruction of effected herds or flocks may appear 

less promising. Therefore, therapeutic intervention targeting molecular mechanisms 

involved in the pathogenesis of the disease may be a better substitute for the control of 

epidemics of CWD and scrapie (Sigurdson, 2008). In addition, PRNP polymorphisms 

S96G, M132L and S225F in cervids have been associated with resistance to CWD and 

may, at least in the case of captive animals, be helpful in the disease management by 

selective breeding (O'Rourke, et al., 2007; Green, et al., 2008; Sigurdson, 2008; 

Spraker, et al., 2010; White, et al., 2010). 

 

In free-ranging cervids, the increased prevalence of CWD allied with the lower survival 

of diseased animals is thought to provide predators like mountain lions an opportunity 

for selective successful predation. Such a selective predation would lead to local 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tamg%C3%BCney%20G%22%5BAuthor%5D
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imbalances in ecological dynamics of food webs and nutrients recycling (Miller, et al., 

2008; Krumm, et al., 2010).   

 

Chronic wasting of carcasses or weight loss, on the basis of which the disease is called 

“chronic wasting disease”, is very common in affected cervids. CWD can also cause 

these animals to have a rough, dry coat, patchy retention of the winter coat in summer. 

In subclinical or early clinical CWD, affected cervids particularly elk, may also show 

some other highly subtle symptoms including lassitude, sudden death in deer after 

handling, a lowered head and drooping ears and behavioral changes such as having 

fixed gaze and loss of fear of humans. With the progression of the disease, following 

more perceptible symptoms may arise: flaccid hypotonic facial muscles, ataxia, head 

tremors, teeth grinding, repetitive walking close to the boundary of the enclosure, 

hyperexcitability with handling, excessive salivation due to difficulty swallowing,  

esophageal dilation or ruminal atony, regurgitation of ruminal fluid, polyuria, 

polydipsia, syncope, and aspiration pneumonia. Many animals become severely 

emaciated before they die. Incubation periods in CWD lie within the range of 16 months 

to 5 years and the disease equally affects both males and females. Death usually occurs 

within a period of 1 year after the onset of clinical signs (Sigurdson and Miller, 2003; 

http://www.cfsph.iastate.edu).   

 

On histopathological examination, CNS of the affected cervids shows intraneuronal 

vacuolation, degeneration and loss of neurons, extensive neuropil spongiosis, astrocytic 

hypertrophy and hyperplasia, and occasional amyloid plaques. Spongiform lesions are 

mainly observed within the thalamus, hypothalamus, midbrain, pons, medulla 

oblongata, the olfactory tubercle and cortex. The most consistent histological lesions 

and PrPCWD immunohistochemical staining are seen within the dorsal motor nucleus of 

the vagus nerve, which is considered the first site of PrPCWD accumulation. Importantly, 

the clinical signs of polyuria and polydipsia and the low urine specific gravity in 

clinically dehydrated animals may be attributed to severe lesions in the supra-optic and 

paraventricular nuclei, where the production of anti-diuretic hormone occurs 

(Sigurdson and Miller, 2003).  
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Exotic Ungulate Spongiform Encephalopathy (EUE)  

EUE is a TSE of exotic zoo ruminants of the family Bovidae. During a period 

overlapping with BSE epidemic, 6 greater kudu, 6 elands, 2 each of Arabian oryx and 

ankole cattle, and 1 each of gemsbok, nyala, scimitar-horned oryx and bison were 

diagnosed with EUE from UK. The affected animals had been fed meat and bone meal 

(MBM) derived from ruminants. Indeed, mice inoculated with brain homogenates from 

greater kudu and nyala with EUE and from cattle with BSE developed a TSE with 

similar profiles of neuropathological lesions and incubation periods. Strain typing 

studies in these mice also revealed a similarity between the EUE and BSE strains, 

supporting the hypothesis that EUE was caused by an infection with PrPBSE. The course 

of EUE and clinical symptoms varied, according to the species, and were distinct from 

those of BSE and scrapie. All EUE cases died of this disease (Kirkwood, et al., 1993; 

Kirkwood and Cunningham, 1994; Sigurdson and Miller, 2003). 

 

Feline Spongiform Encephalopathy (FSE)  

FSE is a TSE of domestic cats and captive wild members of the family Felidae. Since 

1990 to present, nearly 100 domestic cats usually from UK including 1 case each from 

Northern Ireland, Norway, Liechtenstein and Switzerland, and 29 captive wild cats 

including 15 cheetahs, 4 lions, 3 each of ocelots, pumas, tigers and an Asian golden cat 

have been diagnosed with FSE. FSE cases in wild cats have been seen in zoos of UK, 

France, Australia, Ireland, and Germany. All large zoo cats diagnosed with FSE outside 

UK originated from UK except a female cheetah and her cub born in France and another 

thought to have acquired the infectivity in Netherland where she was born. As most of 

the FSE cases occurred in parallel to the BSE epidemic, exposure of affected cats to 

feed contaminated with PrPBSE was taken as causative of the disease. Indeed, mice 

inoculated with brain homogenates from cats with FSE and cattle with BSE developed 

a TSE with similar profiles of neuropathological lesions and incubation periods. Strain 

typing studies in these mice also revealed a similarity between the FSE and BSE strains, 

supporting the hypothesis that FSE was caused by an infection with BSE prions 

(Sigurdson and Miller, 2003; Bencsik, et al., 2009; Eiden, et al., 2010). However, in 

1998, a domestic cat and his owner have been shown to be affected with a similar strain 

distinct from PrPBSE. A bifurcation in phenotypes was noted: the man revealed a 

phenotype reminiscent of sCJD rather than of vCJD and the cat showed a clinical 

phenotype distinct from FSE. It remains unknown whether this incidence was due to a 
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chance, whether a horizontal transmission occurred between the man and the cat, or if 

both contracted the disease from the same unknown source (Zanusso, et al., 1998). 

Another cat infected with such strain and the acquisition of FSE from the environment 

has not been reported later on. With a ban on the use as pet feed of bovine spleen and 

CNS tissue, the FSE epidemic declined rapidly. All FSE cases have been seen in cats 

aged more than 2 years (Sigurdson and Miller, 2003).      

 

 

The clinical manifestation of the disease includes severe behavioral changes, 

depression, restlessness and neglect in coat grooming. The behavioral changes include 

fear, uncharacteristic aggressiveness or unusual timidity and hiding. Abnormal or 

hypermetric gait and ataxia, mainly of the hind limbs, are also characteristics of FSE. 

Affected cats often show poor judgment of distance and hyperesthesia to touch or noise, 

and may also develop tremors, stare vacantly or circle. In addition, excessive salivation, 

polyphagia, polydipsia and dilated pupils have been reported as symptoms of FSE. At 

the end of the disease course, convulsions may occur and somnolence is common. 

Death occurs after 3-8 and 8-10 weeks of clinical onset of the disease in domestic cats 

and cheetahs, respectively (Sigurdson and Miller, 2003; http://www.cfsph.iastate.edu).  

 

 

Neuropathological profiles of FSE include spongiform degeneration in the neuropil of 

the brain and spinal cord, with a predominance of the most severe lesions in the medial 

geniculate nucleus of the thalamus and the basal nuclei. PrP deposits of the FSE agent, 

with characteristic florid plaques, have been detected by immunohistochemistry in the 

central and peripheral nervous system, retina, lymphoreticular system, kidney and 

adrenal glands (Sigurdson and Miller, 2003; Bencsik, et al., 2009; Eiden, et al., 2010; 

http://www.cfsph.iastate.edu). 
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TSE in non-human primates (NHP)  

Two Mayotte brown lemurs and 1 each of white fronted brown lemur, mongoose lemur 

and Rhesus macaque from a zoo and three primate facilities in France were diagnosed 

with a TSE, from 1996 to 1999. Although a large number of non-human primates are 

susceptible to experimental exposure to various TSE strains, they have never been 

reported before this to contract a TSE naturally. The affected animals had been fed 

primate diets likely contaminated with meat from UK. Indeed, lemurs experimentally 

inoculated with brain homogenates from cattle with BSE developed a TSE with profiles 

of neuropathological lesions similar to those seen in naturally infected lemurs. Strain 

typing studies also revealed a similarity between the two strains. Further, in these 

naturally and experimentally infected lemurs, immunohistochemical examination 

showed similar staining patterns and the distribution of PrPres in the brain, spinal cord, 

tonsils, spleen and various sections of the gut and gut-associated lymphatic tissues 

(Bons, et al., 1999; Sigurdson and Miller, 2003). 

 

No information on prion disorders is available from Pakistan. Only invasive procedures 

like brain biopsy can confirm a prion disorder (Wadsworth and Collinge, 2011). 

However, genetic variation in PRNP is strongly linked to susceptibility to both human 

and animal prion disorders. Testing a corresponding human or animal population for 

PRNP variation may provide some insights into the presence of prion disorders in a 

country. The current study therefore aimed at exploring the genetic susceptibility of 

Pakistani population to CJD and of domesticated bovids to BSE.  

 

To determine the risk of Pakistani population for developing or acquiring a prion 

disease, PRNP polymorphism M129V and insertions and deletions of octapeptide 

repeats (OPRIs/OPRDs) were analyzed in 909 unrelated Pakistani individuals. In 

addition, another PRNP polymorphism G127V was also studied in 115 individuals. The 

127V allele has been detected in heterozygous state only in the kuru region of Eastern 

Highlands of Papua New Guinea and is associated with resistance to kuru (Mead, et al., 

2009).  

 

To determine the susceptibility of Pakistani cattle to BSE, a total of 236 unrelated 

Pakistani cattle representing 7 breeds were screened for E211K and 23 bp and 12 bp 

indels. To examine the conservation of these three PRNP loci, 281 buffaloes from 5 
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breeds and 50 each of sheep and goats from 10 breeds of each species were also 

included in the study.  
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Chapter 2 

MATERIALS AND METHODS 
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Blood sampling of Pakistani population 

The study was approved by Ethical Review Committee of University of Health 

Sciences Lahore, Pakistan. A total of 306 male individuals participated in the study. 

These male individuals with known identity (NwM) were from 156 different castes/sub-

castes and they represented all major geographic divisions of Pakistan (see section on 

Annexure I). Their age was in the range of 17 to 51 years. Informed consent was 

obtained from all study participants. A 3 ml blood sample was collected from every 

participant into K2-EDTA vacutainers. These individuals also provided information 

about their permanent address and socioeconomic status so that they could be traced in 

case of the detection of an allele associated with the disease. A total of 221 anonymous 

hemophiliacs representing all four major provinces of Pakistan (Balochistan, Khyber 

Pakhtunkhwa, Punjab and Sindh) were also included in the study. DNA samples of 320 

anonymous males (AnM) and 62 anonymous females (AnF) of Punjabi origin were also 

studied.     

 

Blood sampling of Pakistani cattle, buffalo, sheep and goat breeds 

Five milliliter blood samples were collected into K2-EDTA vacutainers from the jugular 

vein of 43 Cholistani, 11 Dhanni, 28 Lohani, 83 Sahiwal, 29 Therparker, 26 Red Sindhi 

and 16 Achai cattle, and 66 Nili, 39 Ravi, 20 Azikheli, 34 Kundhi and 122 Nili Ravi 

buffaloes, and 5 each of Awassi, Buchi, Hissardale, Kachi, Kajli, Lohi, Pak Karakul, 

Shenwari, Sipli and Thalli sheep, and 5 each of Barbari, Beetal, Damani, Dera Din 

Panah, Kamori, Khurasani, Lehri, Local Hairy, Nachi, and Teddi goats. The large 

animals such as cattle and buffalo were restrained and handled by a number of persons 

to draw the blood. Biogeography and purpose of rearing these bovid breeds are listed 

in Table 2. 

 

DNA extraction from peripheral blood leucocytes 

The collected blood samples were transferred to laboratory on ice and stored at -20oC.  

DNA was isolated using modified organic extraction procedure. Phenol was not used 

during DNA extraction. 1) The frozen blood samples were thawed at room temperature. 

2) TE buffer (500-700 µl) was added into 500 µl blood, mixed by inverting tubes up 

and down several times and left at room temperature for 10-15 min. 3) Centrifugation 

was performed at 25oC and 13500 rpm for 5-10 min. 4) Supernatant was discarded 

leaving the WBCs pellet at the bottom of 1.5 ml eppendorf, the pellet was broken by 
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gentle tapping or vortexing, added 1 ml TE buffer, performed mixing and repeated steps 

5 and 6 until the WBCs pellet became light pink or clear. 5) The broken clear pellet was 

dissolved into 375 µl of 3M sodium acetate, 25 µl of 10% SDS and 5-10 µl of proteinase 

K (10 µg/µl) and incubated at 37oC overnight in a shaking water bath. 6) One volume 

of chilled chloroform: isoamyl alcohol (24:1) was added into 3 volumes of digested 

pellet, mixed by gently inverting eppendorfs repeatedly until a milky emulsion was 

formed and centrifuged at 25oC and 13500 rpm for 5-10 min. 7) Three layers could be 

visualized after centrifugation. The upper layer contains DNA, the lower layer 

chloroform: isoamyl alcohol and the middle whitish layer proteins. The DNA layer was 

carefully transferred into a new labeled eppendorf avoiding contamination from other 

layers, mixed with equal volume of chilled absolute ethanol by gently inverting 

eppendorfs several times until DNA threads became visible, left at room temperature 

for 10 min and centrifuged at 25oC and 13500 rpm for 5-10 min. 8) Supernatant was 

discarded and the DNA pellet was washed with 500-1000 µl chilled 70% ethanol by 

centrifuging at 25oC with 13500 rpm for 5-10 min. 9) Ethanol was discarded and the 

DNA pellet was dried by air keeping eppendorfs open inside the laminar air flow at 

room temperature for 15-30 min. 10) The dried DNA pellet was dissolved into 50-100 

µl low TE buffer, incubated in a shaking water bath at 70oC for 30 min, cooled at room 

temperature and spinned by brief centrifugation. 11) DNA was stored in duplicate at -

20oC or -80oC after assessing its quality and quantity by spectrophotometery or gel 

electrophoresis. The storage of DNA was performed in duplicate (each sample from 

duplicate in a separate freezer was stored) to avoid the misplacement of samples. 

Recipes for preparation of solutions used are given in Annexure II.  

 

Ten individuals donated saliva samples. The crude DNA was isolated by stirring 3 ml 

of each saliva sample with 1 ml of dish wash detergent. The digested saliva samples 

were kept at 4oC for 10 min after adding 8 ml of absolute ethanol. The precipitated 

DNA was taken into 1.5 ml eppendorfs and was dissolved into ddH2O.  

 

Estimation of DNA concentration by spectrophotometery 

Extracted DNA (5 µl) was diluted into 995 µl distilled H2O. This is 200-times dilution 

(sample + H2O/sample (5 + 995/5)). The 2-beam spectrophotometer was blanked 

against 1 ml distilled H2O and optical density (OD) of diluted DNA was measured at 

260 and 280 nm (the value of 1 OD is equal to 50 µg/ml DNA. The concentration of 
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stock DNA (undiluted) will be 5 mg/ml, 5000 µg/ml or 5000 ng/µl if the value of OD 

is equal to 0.5. Following calculations were performed to estimate DNA concentration: 

1OD/50 µg/ml × 0.5OD/µg/ml → 1OD × µg/ml = 50 µg/ml × 0.5OD × 200 → 5000 

µg/ml. The ratio of ODs at 260 and 280 nm (260 nm/280 nm) provides an estimate of 

purity of extracted DNA. Pure DNA has a ratio of 1.7-2.0. The value of this ratio will 

be lower if DNA contains impurities such as proteins or phenol. Working DNA 

solutions of 25 ng/µl concentration were made by diluting stock DNA into distilled 

H2O. Following equation was used to dilute stock DNA: C1V1 = C2V2 (concentration 

of stock DNA × volume = required concentration × required volume → 5000 ng/µl × 

volume = 25 ng/µl × 500 µl → volume = 25 ng/µl × 500 µl/5000 ng/µl = 2.5 µl).        

 

Estimation of DNA concentration by gel electrophoresis 

Stock DNA samples were diluted 200-times. Each 2 µl diluted DNA sample was 

dissolved into 8 µl of 1X TBE buffer and 2 µl of 6X loading dye. These DNA samples 

were loaded into wells of 2-3% agarose gel containing 0.5 µg/µl of ethidium bromide 

(EtBR). The agarose gel was made by boiling agarose powder in 1X TBE buffer. A 

standard DNA sample of 25 ng/µl concentration or a DNA ladder was also loaded 

alongside diluted DNA samples. Electrophoresis of loaded DNA samples was carried 

out in 1X TBE buffer using voltage equal to 5V/cm of gel diameter and run time in the 

range of 45 min to 2 h. Separated DNA samples were visualized under UV light and 

their concentration was estimated in comparison with light intensity of standard DNA 

or of the nearby DNA fragment of ladder.  

 

Each 10 µl restricted PCR sample was mixed with 2 µl of 6X restriction stop/loading 

dye for gel loading. 

 

PCR amplification of the coding region of human PRNP 

Primers were designed using Primer3 software (frodo.wi.mit.edu/primer3/) and the 

human PRNP genomic sequence (GenBankTM accession number NG_009087). Melting 

temperature (Tm) of primers was calculated using online UCSC In-Silico PCR server 

(www.genome.ucsc.edu/). Gradient PCRs were performed at annealing temperatures 

(AT) in the range of 51-65oC (51, 52.1, 53.8, 56.3, 59.9, 62.5, 64.1 and 65oC) to find 

optimum AT for each primer pair. Optimum AT used for amplifications of PRNP coding 

region with primer pairs 1, 2 and 3 was 54oC (Table 3).  

http://www.genome.ucsc.edu/
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PCR amplifications were carried out in 25 μl reactions consisting of 50 ng DNA, 1X 

Taq buffer [75 mM Tris-HCl (pH 8.8 at 25oC), 20 mM (NH4)2SO4 and 0.01% (v/v) 

Tween 20], 1.5 mM MgCl2, 200 μM of each dNTP, 10 ρmoles of each primer and 0.5-

1U of Taq DNA polymerase (Fermentas Inc., USA). Temperature profile consisted of 

an initial denaturation at 95oC for 5 min, 35 cycles of denaturation at 94oC for 30 sec, 

annealing at 54oC for 30 sec, and extension at 72oC for 1 min, followed by a 10 min 

final extension step at 72oC. The thermocycler used was iCycler PCR machine (Bio-

Rad, Hecules, CA, USA). PCR products were resolved in 2% agarose gels containing 

EtBr, visualized under UV and photographed.  

 

Allele-specific primer pairs 4-11 were used to design two-tube or single-tube PCR 

assays for the analysis of M129V polymorphism. Each of two-tube reactions was to 

amplify either 129M or 129V allele under the scheme of simple ARMS (Newton, et al., 

1989). Single-tube reactions were to amplify both 129M and 129V alleles in the same 

PCR tube under the scheme of either simple ARMS or multiplex tetra-primer ARMS 

(Ye, et al., 2001; Ji et al. 2002; piccioli, et al., 2006). Two mutant primers PrPFm1 and 

PrPFm2 (primer pair 8 or primers’ combination 8) were combined in the same 

amplification reaction to induce competition between these primers for hybridization 

with the same template sequence (Table 3).  

 

RFLP analysis of PRNP polymorphisms M129V 

RFLP analysis of PRNP polymorphism M129V was performed using PCR products 

amplified by primer pairs 1, 2 and 3 and two restriction enzymes NspI and TaiI 

(Fermentas Inc., USA). The purpose of analyzing M129V polymorphism by using three 

different primers and two restriction enzymes was to authenticate the results. This 

means that every sample was analyzed 6 times so that in case of the detection of 

inconsistent banding pattern, the phenomena of sample contamination and restriction 

enzymes’ star activity and inhibition could be ruled out. NspI and TaiI targeting the 

polymorphic site M129V (Fig. 6) were selected from online software NebCutter 2.0 

(http://tools.neb.com/NEBcutter2/index.php). NspI restriction was performed at 37oC 

overnight in 30 μl reactions containing 20 μl of amplicon, 7.8 μl of ddH2O, 2U of 

restriction enzyme and 2 μl of 10X Tango buffer (333 mM tris acetate, 100 mM Mg 

acetate, 666 mM K acetate, 1 mg/ml BSA, pH 7.9 at 37oC). TaiI restriction was 

http://tools.neb.com/NEBcutter2/index.php
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performed at 65oC for 30 min in 30 μl reactions containing 20 μl of amplicon, 7.8 μl of 

ddH2O, 0.2 FDU of restriction enzyme and 2 μl of TaiI’s FastDigest® buffer. NspI 

restriction was carried out for each of total 909 DNA samples’ amplicons from all three 

primer pairs. In contrast, TaiI restriction was carried out only for 80 DNA samples’ 

amplicons from all three primer pairs. Thus, a total of 2,967 amplification and 

restriction reactions were performed.  

 

PCR products amplified by primer pair 1 would be restricted by NspI into fragments 

491 [+/- OPR] + 44 bp, 535 [+/- OPR] + 491 [+/- OPR] + 44 bp and 535 [+/- OPR] bp 

and by TaiI into 460 [+/- OPR] + 75 bp, 460 [+/- OPR] + 415 [+/- OPR] + 75 + 45 bp 

and 415 [+/- OPR] + 75 + 45 bp for genotypes MM, MV, and VV, respectively. The 

PCR products amplified by primer pair 2 would be restricted by NspI into fragments 

352 + 75 + 70 bp, 352 + 145 + 75 + 70 bp and 352 + 145 bp and by TaiI into 291 + 206 

bp, 291 + 222 + 206 + 69 bp and 222 + 206 + 69 bp for genotypes MM, MV, and VV, 

respectively. Whilst, the PCR products amplified by primer pair 3 would be restricted 

by NspI into fragments 491 [+/- OPR] + 352 + 75 bp, 566 [+/- OPR] + 491 [+/- OPR] 

+ 352 + 75 and 566 [+/- OPR] + 352 bp and by TaiI into 637 [+/- OPR] + 206 + 75 bp, 

637 [+/- OPR] + 415 [+/- OPR] + 222 + 206 + 75 bp and 415 [+/- OPR] + 222 + 206 + 

75 bp for genotypes MM, MV, and VV, respectively. The sign of [+/- OPR] associated 

with any fragment indicates that the size of that fragment may increase or decrease 

depending on how many octapeptide repeats (OPR) are present within the coding region 

of PRNP (Fig. 6).  

 

RFLP analysis of PRNP polymorphisms G127V 

RFLP analysis of PRNP polymorphism G127V was performed using PCR products 

amplified by primer pair 1 and AciI restriction enzyme (Fermentas Inc., USA). AciI 

targeting the polymorphic site G127V (Fig. 6) was selected from online software 

NebCutter 2.0 (http://tools.neb.com/NEBcutter2/ index.php). A total of 115 out of 306 

males with known identity (NwM) were screened for the polymorphism. AciI restriction 

was performed at 37oC overnight in 30 μl reactions containing 20 μl of amplicon, 7.8 

μl of ddH2O, 2U of restriction enzyme (for 45 amplicons) and 1.5U (for 70 amplicons) 

and 2 μl of 10X buffer O (500 mM Tris-HCl, 100 mM MgCl2, 100 mM NaCl, 1 mg/ml 

BSA, pH 7.5 at 37oC). PCR products amplified by primer pair 1 would be restricted by 

AciI into fragments 245 + 219 [+/- OPR] + 52 + 19 bp, 271 [+/- OPR] + 245 + 219 [+/- 

http://tools.neb.com/NEBcutter2/%20index.php
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OPR] + 52 + 19 bp and 271 [+/- OPR] + 245 + 19 bp for G127V genotypes GG, GV 

and VV, respectively. The sign of [+/- OPR] associated with any fragment indicates 

that the size of that fragment may increase or decrease depending on how many 

octapeptide repeats (OPR) are present within the coding region of PRNP (Fig. 6).  

 

Sequencing of PCR products  

Sequencing of the coding PRNP region (third codon of the gene; see Fig. 6) for 19 out 

of 909 human DNA samples was performed not only to confirm the results of RFLP 

analyses but also to discover novel polymorphisms. Primer pairs 1 and 2 were used for 

amplification (Table 3) and each amplicon was sequenced in both forward and reverse 

orientations. Each 20 µl PCR amplicon was dissolved into 80 µl of chilled absolute 

ethanol and 25 µl of distilled H2O using 1.5 ml eppendorfs, left in dark at room 

temperature for 20-25 min and centrifuged at 4-25oC and 13500 rpm for 20-25 min. 

Supernatant was discarded and the DNA pellet was dried by air keeping eppendorfs 

open inside the laminar air flow at room temperature for 15-30 min. The dried DNA 

pellet was dissolved into 10-15 µl distilled H2O and concentration of PCR amplicons 

was estimated as described above.  

 

Each sequencing PCR consisted of 1.5 µl 5X sequencing buffer (10 mM MgCl2, 400 

mM Tris-HCl, pH 8.7), 1 µl of each 3.2 ρmoles forward or reverse primers, 10 ng 

purified PCR amplicon, 0.4-1 µl BigDye (PE Applied Biosystems, Foster City, CA, 

USA) and 6 µl distilled H2O. Thermocycling was performed at 96oC for 1 min followed 

by 35 cycles of 94oC for 20 sec, 50oC for 20 sec and 60oC for 4 min. A final extension 

step of 60oC for 10 min was also included.  

 

Each sequencing PCR product was dissolved into 19 µl of chilled 95% ethanol; left in 

dark at room temperature for 20-25 min and centrifuged at 4-25oC and 3000-13500 rpm 

for 20-25 min. Supernatant was discarded by spinning PCR tubes on tissue paper in 

inverted position. Sequencing PCR products were then washed with 40-50 µl of chilled 

70% ethanol by centrifuging at 4-25oC with 3000-13500 rpm for 20-25 min. Ethanol 

was discarded by spinning PCR tubes on tissue paper in inverted position. PCR 

products were dried by air keeping PCR tubes open inside the laminar air flow at room 

temperature for 15-30 min and were dissolved into 15 µl formamide. Heat-shock was 

given at 95oC for 5 min. The denatured PCR products were quickly chilled on ice and 
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were loaded on an ABI 3100 or 3730 automated capillary sequencer (PE Applied 

Biosystems, Foster City, CA, USA). Sequencing data was obtained in the form of 

sequence chromatograms. Sequence chromatograms were checked visually using 

Chromas 2.01 software and sequencing data was imported into NCBI’s online 

programme BLAST-2-sequences for further analysis.  

 

PCR amplification of 12 bp and 23 bp indels loci and E211K polymorphism in the 

bovine PRNP 

Primers were designed using online Primer3 software (frodo.wi.mit.edu/primer3/) and 

the bovine PRNP genomic sequence (GenBankTM accession number AJ298878). 

Melting temperature (Tm) of primers was calculated using online UCSC In-Silico PCR 

server (www.genome.ucsc.edu/). Non-specificity of these primers against human 

PRNP sequence was verified by the UCSC BLAT analysis (www.genome.ucsc.edu/). 

Gradient PCRs were performed at annealing temperatures (AT) in the range of 51-65oC 

(51, 52.1, 53.8, 56.3, 59.9, 62.5, 64.1 and 65oC) to find optimum AT for each primer 

pair. Optimum AT used for PRNP amplifications with all primer pairs 1-8 was 60oC 

(Table 4).  

 

PCR amplifications were carried out in 25 μl reactions consisting of 50 ng DNA, 1X 

Taq buffer [75 mM Tris-HCl (pH 8.8 at 25oC), 20 mM (NH4)2SO4 and 0.01% (v/v) 

Tween 20], 1.5-2.5 mM MgCl2, 200 μM of each dNTP, 10 pmoles of each primer and 

1U of Taq DNA polymerase (Fermentas Inc., USA). Temperature profile consisted of 

an initial denaturation at 95oC for 5 min, 35 cycles of denaturation at 94oC for 30 sec, 

annealing at 60oC for 30 sec, and extension at 72oC for 45 sec, followed by a 10 min 

final extension step at 72oC. The thermocycler used was iCycler PCR machine (Bio-

Rad, Hercules, CA, USA). PCR products were resolved in 2-3% agarose gels 

containing EtBr, visualized under UV and photographed. Magnesium chloride (MgCl2) 

was used at 1.5 mM concentration in monoplex PCR amplification and 2.5 mM 

concentration in di- and triplex PCR amplifications.  

 

Mono, di- and triplex PCR amplification reactions were performed to genotype the 

bovine PRNP 23 bp and 12 bp indels loci and E211K polymorphism (Fig. 7). Each 

DNA sample was analyzed for 11 times meaning total 6,786 PCR amplification 

reactions were performed. Positive control (PC) for all these PCR amplification 

http://www.genome.ucsc.edu/
http://www.genome.ucsc.edu/
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reactions was developed by the spiking of buffalo DNA sample of 12++/23++ diplotype 

with the PCR product amplified by primer pair 5. Primer pair 3 did not show 

amplification when PCR product of primer pair 5 was used as DNA template. None of 

all possible combinations of primer pairs 1, 2, 4, 6, 7 and 8 worked for the single-tube 

mono- di- or triplex PCR amplifications by using primer E211KFnl2 instead of 

E211KFnl1 (Table 4). The 211E and 211K alleles were amplified in separate PCR tubes 

under the simple scheme for ARMS (Newton, et al., 1989). Thus, the results of 23 bp 

and 12 bp indels loci were reproduced by performing their amplification alongwith 

211E and 211K alleles in di, and triplex PCR assays. Conversely, the amplification of 

23 bp and 12 bp indels loci in di, and triplex PCR assays served as internal control for 

the amplification of 211E and 211K alleles.  

 

Some monoplex PCR amplifications were also carried out using primers’ combination 

8 which consisted of 2 primers E211KFmt1 and E211KFmt2 specific for the 211K 

allele and a reverse primer E211KR. This was done to induce competition between 

E211KFmt1 and E211KFmt2 primers for hybridization with the same template 

sequence. There was no significant difference between the quantities of PCR products 

amplified by primers’ combination 8 and primer pair 6. The primers’ combination 8 

was not used anymore. There was significant difference between the quantities of PCR 

products amplified by primer pairs 6 and 7. This difference was attributable to the 

dropout of E211KFmt2 primer from the template. The allelic dropout occurred because 

of the presence of a mismatch of nucleotide “t” in the place of “c” near the 3' end of 

E211KFmt2 (Table 4). To determine the effect of allelic dropout on the amplification 

of 211K allele, monoplex amplifications by both primer pairs 6 and 7 were performed 

for all 617 DNA samples. No disconcordance in monoplex amplifications of the 211K 

allele was observed. Therefore, primer pair 6 was replaced by primer pair 7 in di- and 

triplex amplification assays to increase the specificity of the 211K allele’s amplification 

(Newton, et al., 1989). Amplification by primer pairs 6 and 7 and primers’ combination 

8 became possible only when positive control DNA was used as template.   

Statistical procedures  

Significance of pair-wise differences for allelic frequencies was tested by two-tailed 

Fisher exact test and χ2 test with Yate’s correction and for genotypic frequencies by χ2 

test only. These tests were performed using online GraphPad Prism statistical software 

package (www.graphpad.com/prim). Pair-wise comparisons were made between 

http://www.graphpad.com/prim
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M129V allelic and genotypic frequencies of all possible group pairs of Pakistani 

population. The cumulative M129V allelic and/or genotypic frequency data of Pakistani 

population was also compared with data of worldwide populations. Pair-wise 

comparisons of frequencies of 12 bp and 23 bp indels alleles, genotypes and haplotypes 

were made between all possible breed pairs of Pakistani cattle and buffaloes. The 

cumulative 12 bp and/or 23 bp indels allelic, genotypic and/or haplotypes frequency 

data of Pakistani cattle and/or buffalo breeds was also compared with data of worldwide 

cattle and buffalo populations. Pair-wise differences were considered significant at p-

value ≤ 0.05.   

 

Allelic and genotypic variation of indels in all cattle and buffalo breeds was analyzed 

using Popgene 1.32 (32-bit) software package (Yeh, et al., 2000). The calculated 

parameters included genotypic frequency, allelic frequency, observer and expected 

homozygosity and heterozygosity, homogeneity of alleles’ distribution, two-locus 

linkage disequilibrium (LD), Hardy-Weinberg equilibrium (HWE), neutrality of loci, 

Shannon’s and fixation indices, genetic distance, F-statistics and gene flow (Nm). 

 

HWE tests were performed to assess whether M129V polymorphism in Pakistani 

humans and 12 bp and 23 bp indels loci in Pakistani cattle and buffaloes had been under 

selection against prion diseases. Neutrality of 12 bp and 23 bp indels loci was tested to 

estimate whether these loci are also associated with any phenotypic trait in Pakistani 

cattle or buffaloes other than BSE. All other parameters were calculated to testify 

differences in frequencies of 12 bp and 23 bp indels alleles, genotypes and haplotypes.        
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Table 2 Biogeography and purpose of rearing the studied Pakistani bovid breeds 

 

Breed  Purpose of rearing*  Biogeography$

 

Cattle                                                                                                                                                                             

Cholistani   Milk    Punjab                                                                                                                                                                    

Dhanni  Draught power   Punjab                                                                                                                                                                    

Lohani   Draught power   Punjab and Khyber Pakhtunkhwa                                                                                                                                                                    

Sahiwal   Milk    Punjab                                                                                                                                                                   

Therparker  Milk and draught  power  Sindh                                                                                                                                                                  

Red Sindhi  Milk    Sindh and Balochistan                                                                                                                                                                         

Achai     Milk and draught  power  Khyber Pakhtunkhwa 

 

 Buffalo                                                                                                                                                                 

Nili   Milk and meat   Punjab                                                                                                                                                                            

Ravi   Milk and meat   Punjab                                                                                                                                                                            

Azikheli    Milk and meat   Swat Valley in Khyber Pakhtunkhwa                                                                                                                                                              

Kundhi   Milk and meat    Sindh                                                                                                                                                              

Nili Ravi  Milk and meat    Punjab    

 

Sheep                                                                                                                                                                                                                                                                                                                        

Buchi  Meat and wool   Punjab                                                                            

Hashtnagri Meat, fat and wool  Khyber Pakhtunkhwa                                                                                                                                                             

Hissardale    Meat and wool   Punjab                                                                                                                                                          

Kachi  Meat, milk and wool  Sindh                                                                                                                                                                    

Kajli  Meat and wool   Punjab                                                                                                                                                                          

Lohi    Meat and wool   Punjab                                                                                                                                                                       

Pak Awassi  Meat, fat and wool  Punjab and Sindh                                                                                                                                                                

Pak Karakul Meat and wool   Punjab and Balochistan                                                                                                                                                                                                                                                                                                                        

Sipli  Meat and wool   Punjab                                                                                                                                                                    

Thalli  Meat and wool   Punjab        

 

Goat                                                                                                                                                                        

Barbari  Milk and meat   Sindh and Punjab                                                                                                     

Beetal   Milk and meat   Punjab                                                                                                                                                            

Damani  Milk, meat and hair  Khyber Pakhtunkhwa                                                                                                                                                                  
Dera Din Panah Milk, meat and hair  Punjab                                                                            

Kaghani                Meat and hair   Kaghan Valley in Khyber Pakhtunkhwa                                                                                                                    

Kamori    Milk and meat    Sindh                                                                                               

Khurasani Milk and meat   Balochistan                                                                                                                

Lehri     Meat and hair    Lehri Town in Kachi area of Sibi- Balochistan                                                                                                                                                                                                                                                                                                                        

Nachi      Meat and hair                   Punjab                                                                                                  

Teddi  Meat    Punjab 

 

 
 

*Only the major purpose of rearing a breed and $main biogeography areas are given.   
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Table 3 Primer pairs used for RFLP and ARMS analyses of the common M129V polymorphism associated with CJD  

 

S.N. Primer pairs Primer sequence    Tm/MgCl2   Amplicon size  AT window

 

1  PrPF1  5' 17967 gataccattgctatgcactca 17987 3' 56.3oC/1.5mM    535     

  PrPR1   5' 18482 tcactgccgaaatgtatgat 18501 3' 56.6                                                                                                                                                              

2  PrPF2   5' 18388 aaccaacatgaagcacatgg 18407 3' 59.4/1.5    497                 

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                                     

3  PrPF1  5' 17967 gataccattgctatgcactca 17987 3' 56.3/1.5    918           

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                                     

4  PrPFn   5' (a)5  18441 gccttggcggctaca 18455 3' 57.8 variable  449                                                                                         

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                                     

5  PrPFm1   5' (a)5 18441 gccttggcggctacg 18455 3' 60.0 variable  449                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                        

6  PrPFm2   5' (a)5 18441 gccttggcggctaag 18455 3' 56.3 variable  449                                                                                                                                                                           

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                       

7  PrPFm1*  5' (a)15 18441 gccttggcggctacg 18455 3' 60.0 variable  459                                                                                    

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                                     

8  PrPFm1   5' (a)5 18441 gccttggcggctacg 18455 3' 60.0 variable  449                                                                                           

  PrPFm2   5' (a)5 18441 gccttggcggctaag 18455 3'          56.3                                                                                                                                                            

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                                 

9  PrPFn   5' (a)5 18441 gccttggcggctaca 18455 3' 57.8 variable  449, 459                                                                                   

  PrPFm1*  5' (a)15 18441 gccttggcggctacg 18455 3'         56.3                                                                                                                                                    

  PrPR2  5' 18865 tccctcaagctggaaaaaga 18884 3' 59.9                                                                                                                                                                  

10 PrPF1  5' 17967 gataccattgctatgcactca 17987 3' 56.3 variable  505                                                                                             

  PrPRm  5' 18456 atggcacttcccagcac 18472 3' 58.0                                                                                                                                                                          

11 PrPF1  5' 17967 gataccattgctatgcactca 17987 3' 56.3 variable  918,505,449                                                                                                                                            

  PrPFn                 5' (a)5 18441 gccttggcggctaca 18455 3'  57.8                                                                                                                                                                           

  PrPRm  5' 18456 atggcacttcccagcac 18472 3'  58.0                                                                                                                                         

  PrPR2  5'18865 tccctcaagctggaaaaaga 18884 3' 59.9 

 

Underlined numbers in primers’ sequence refer to position of primers within NG_009087. Allele-specific primer pairs 4-11 were designed to analyze the M129V 

polymorphism. A 5' tail of 5 adenines highlighted in light grey was added to increase the Tm of PrPFn, PrPFm1 and PrPFm2 primers. On the contrary, the 5' tail of 15 

adenines was added to PrPFm1* to increase the fragment size of 129V allele in comparison to 129M allele. Adenine (a), guanine (g) or cytosine (c) nucleotides also 

highlighted in light grey at the 3' end of primers represent the polymorphic nucleotides. The mismatch of nucleotide (a) highlighted in dark grey was induced in the place 

of “c” to amplify the 129V allele with higher specificity, under the scheme of ARMS (Newton, et al., 1989). Optimization of PCR amplifications with primer pairs 4-11 

was unsuccessful despite multiple variable PCR conditions were tried. 
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Table 4 Primer pairs used for mono-, di- and triplex PCR amplifications of PRNP variants associated with BSE 

 

S.N. Primer pairs Primer sequence    Tm/MgCl2   Amplicon size  AT window

 

1  23indelF  5' 47663 agccaggtaagaagctcatc 47682 3' 56.2oC/1.5 mM    245, 268      

  23indelR 5' 47888 catgaattgtgtaggccaaa 47907 3' 57.1                                                                                                                                                                        

2  12indelF  5' 49652 gtgctcgttggtttttgc 49669 3'  57.8/1.5    119, 131           

  12indelR 5' 49751 tcctacacaccacccacata 49770 3' 57.2                                                                                                                                                                

3  E211KFnl1 5' 66192 agggggagaacttcaccg 66209 3' 60.0/1.5   352     

  E211KR  5' 66522 tctcatgtctgctcttcatttc 66543 3' 57.1                                                                                                                                                               

4  E211KFnl2 5' (a)11 66191 agggggagaacttcaccg 66209 3' 70.2   364     

  E211KR  5' 66522 tctcatgtctgctcttcatttc 66543 3' 57.1                                                                                                                                                                

5  E211KFind 5' 66192 agggggagaacttcaccaaaa 66212 3' 62.1/1.5    352           

  E211KR  5' 66522 tctcatgtctgctcttcatttc 66543 3' 57.1                                                                                                                                                               

6  E211KFmt1 5' 66192 agggggagaacttcacca 66209 3' 58.0/1.5    352           

  E211KR  5' 66522 tctcatgtctgctcttcatttc 66543 3' 57.1                                                                                                                                                         

7  E211KFmt2 5' 66190 caagggggagaacttcacta 66209 3' 56.8/1.5    354     

  E211KR  5' 66522 tctcatgtctgctcttcatttc 66543 3' 57.1                                                                                                               

8  E211KFmt1 5' 66192 agggggagaacttcacca 66209 3' 58.0/1.5    352          

  E211KFmt2 5' 66190 caagggggagaacttcacta 66209 3' 56.8                                                                                                                              

  E211KR  5' 66522 tctcatgtctgctcttcatttc 66543 3' 57.1 

 

Underlined numbers in primers’ sequence refer to the position of primers within AJ298878. Allele-specific primer pairs 3-8 were designed to analyze the E211K 

polymorphism. A 5' tail of 11 adenines highlighted in light grey was added to forward primer E211KFnl2 to increase the size of corresponding PCR product. The tail 

was added to differentiate normal (211E) allele from the polymorphic (211K) allele into single tube reactions. Primer pair 5 was used to induce positive control for PCR 

amplifications of the 211K allele. The polymorphic site is highlighted in dark grey. The mismatch of nucleotide (t) highlighted in light grey in primer E211KFmt2 was 

induced in the place of “c” to amplify the 211K allele with higher specificity, under the scheme of ARMS (Newton, et al., 1989). 
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TTCTACTGAGCAGCTGATACCATTGCTATGCACTCATTCATTATGCAGGAAACATTTAGTA
ATTTCAACATAAATATGGGACTCTGACGTTCTCCTCTTCATTTTGCAGAGCAGTCATTATG
GCGAACCTTGGCTGCTGGATGCTGGTTCTCTTTGTGGCCACATGGAGTGACCTGGGCCT
CTGCAAGAAGCGCCCGAAGCCTGGAGGATGGAACACTGGGGGCAGCCGATACCCGGG
GCAGGGCAGCCCTGGAGGCAACCGCTACCCACCTCAGGGCGGTGGTGGCTGGGGGCA
GCCTCATGGTGGTGGCTGGGGGCAGCCTCATGGTGGTGGCTGGGGGCAGCCCCATGG
TGGTGGCTGGGGACAGCCTCATGGTGGTGGCTGGGGTCAAGGAGGTGGCACCCACAG
TCAGTGGAACAAGCCGAGTAAGCCAAAAACCAACATGAAGCACATGGCTGGTGCTGCAG
CAGCTGGGGCAGTGGTGGGGGGCCTTGGCGG/TCTACA/GTGCTGGGAAGTGCCATGA
GCAGGCCCATCATACATTTCGGCAGTGACTATGAGGACCGTTACTATCGTGAAAACATG
CACCGTTACCCCAACCAAGTGTACTACAGGCCCATGGATGAGTACAGCAACCAGAACAA
CTTTGTGCACGACTGCGTCAATATCACAATCAAGCAGCACACGGTCACCACAACCACCA
AGGGGGAGAACTTCACCGAGACCGACGTTAAGATGATGGAGCGCGTGGTTGAGCAGAT
GTGTATCACCCAGTACGAGAGGGAATCTCAGGCCTATTACCAGAGAGGATCGAGCATGG
TCCTCTTCTCCTCTCCACCTGTGATCCTCCTGATCTCTTTCCTCATCTTCCTGATAGTGGG
ATGAGGAAGGTCTTCCTGTTTTCACCATCTTTCTAATCTTTTTCCAGCTTGAGGGAGGCG
GTATCCACCTG 
 
 

Fig. 6 A part of NG_009087 reference sequence for the human PRNP gene showing the position of 

primer pairs (yellow shaded = primer pair 1; light blue shaded = primer pair 2; forward primer from 

primer pair 1 and reverse primer from primer pair 2 make primer pair 3), start and end sites of coding 

region (red colored nucleotides), octapeptide or 24 bp repeat region (light grey shaded) and recognition 

sites of TaiI (4 bp) (green shaded), NspI (6 bp) (green shaded) and AciI (4 bp) (yellow shaded). Each of 

three restriction enzymes will specifically cut the corresponding recognition sequence between 2 bolded 

and underlined nucleotides. Nucleotides in red in recognition sequences are polymorphic target sites 

representing G127V (gGc→gTc) and M129V (Atg→Gtg) polymorphisms. Thus, one of the 2 target 

sequences has recognition sites for both NspI (ACA/GTGC) and TaiI (ACA/GTG). NspI will restrict 

the wild type sequence (ACATGC), whereas TaiI will restrict the mutant sequence (ACGTG).           

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

AGGGGGAGAACTTCACCG/AAAACTGACATCAAGATGATGGAGCGAGTGGTGGAGCAAA
TGTGCATTACCCAGTACCAGAGAGAATCCCAGGCTTATTACCAACGAGGGGCAAGTGTG
ATCCTCTTCTCTTCCCCTCCTGTGATCCTCCTCATCTCTTTCCTCATTTTTCTCATAGTAG
GATAGGGGCAACCTTCCTGTTTTCATTATCTTCTTAATCTTTACCAGGTTGGGGGAGGGA
GTATCTACCTGCAGCCCCGTAGTGGTGGTGTCTCATTTCTTGCTTCTCTCTTTGTTACCT
GTATGCTAATACCCTTGGCGCTTATAGCACTGGGAAATGAAGAGCAGACATGAGA  
 
GTGCTCGTTGGTTTTTGCCAGCCGCCGCTCGGTTTTACCCTCCTGGTTAGGAGAGCTCC
ATTTACTCGGAATGTGGGC------------TGGCTGGTCCCCCTCCCGAGGTATGTGGGTGGT 
GTGTAGGA 
 
AGCCAGGTAAGAAGCTCATCAAACTTGAGACTACTATGCTGGGAGGAAGCCAGGCCACG
TGGGGAAGTCACGTGAAGGCACTTCAATCAGTACACCTGATTTTCAAGTCCTCCCAGCC
CAGGTGCCAGCCATGTAAGTGACTGAACTAATTCCAACTCCTAGCTATCACGTCAA--------
---------------GCCTCAGACGCATGGGGCAGAGTCAAGTCCCCATTGTGCCTGTCCAACTCT 
TTGGCCTACAC AATTCATG 
 
 

Fig. 7 A part of AJ298878.1 reference sequence for the bovine PRNP gene referring to 

amplicons for primer pairs used for the screening of E211K (yellow shaded), 12 bp indel (red 

shaded) and 23 bp indel (light blue shaded) polymorphisms, respectively. Nucleotides in red 

represent polymorphic site of E211K polymorphism, while sites for 12 bp and 23 bp indels 

polymorphisms are represented by dashes inside the light grey shaded regions. 
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Chapter 3 

RESULTS AND DISCUSSION 
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Part 1  

Genetic resistance to human prion diseases  

 

Results  

The M129V polymorphism was genotyped using 2 different restriction enzymes (NspI 

and TaiI) and PCR products amplified by 3 different primer pairs (1, 2 and 3). NspI cuts 

a 6 bp recognition site while TaiI cuts a 4 bp recognition site. There was an extra 

recognition site for each enzyme in PRNP amplicons from at least 2 of the 3 primer 

pairs (Fig. 6). The additional recognition sites served as internal control for restriction 

analyses (Fig. 8). The results of all these restriction analyses were concordant.  

 

A total of 909 highly unrelated Pakistani individuals were screened for the M129V 

polymorphism. Out of 1818 possible alleles, the allele 129M was observed for 1291 

times (71%) and the allele 129V for 527 times (29%). Out of 909 individuals, 479 

individuals (52.7%) were 129MM homozygotes, 97 (10.7%) were 129VV 

homozygotes and 333 (36.6%) were 129MV heterozygotes (Table 5). The extent of 

M129V homozygosity was thus greater than the M129V heterozygosity. No 

polymorphism or mutation other than M129V was detected in 19 out of 909 individuals 

for whom the dideoxy Sanger sequencing for the entire coding PRNP region was 

performed. The results of statistical comparisons of M129V allelic and genotypic 

frequencies carried out between Pakistani and worldwide populations are presented in 

Table 5.  

 

Statistically significant differences were observed for frequencies of M129V alleles and 

genotypes between AnM (anonymous males), SGDs1 (single gene disorder 1) and 

NwM (males with known identity) groups. The NwM group consisting of a total of 306 

individuals from 156 different castes/subcastes was further stratified into multiple 

groups on the basis of linguistic and geographic ethnicity of individuals (Fig. 9a). 

Significant differences were observed only for frequencies of M129V genotypes 

between Gilgit-Baltistan × Punjab/Balochistan and Khyber Pakhtunkhwa × Sindh 

geographic groups and Shina × Punjabi/Seraiki/Balochi/Pashto/Brahvi linguistic 

groups. These differences were clearly attributable to very small sample size of some 

groups (Gilgit-Baltistan, Sindh, Shina and Brahvi).  
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The statistical differences for M129V allelic and genotypic frequencies between 

different districts were not tested because of per district small sample size. However, 

χ2 comparisons between some groups consisting of more than 10 samples gave non 

significant results. Age was also not involved in shaping the distribution of M129V 

allelic or genotypic frequencies. The pair-wise comparisons of data from different 

ethnic groups consisting of more than 25 samples also revealed no significant 

differences for M129V allelic and genotypic frequencies (Figs. 9b and 9c).  

 

One hundred and fifteen individuals out of all 306 individuals from NwM group were 

also genotyped for G127V polymorphism. The G127V polymorphism was studied to 

examine whether Kuru-like epidemics have occurred in prehistoric people of Pakistan 

and transmitted the resistant allele to exixting population. A special interest was to 

detect 127VV/129MM and 127VV/129VV diplotypes to ascertain the linkage between 

the two polymorphisms. It was supposed that if the two resistant alleles (127V and 

129M) were found linked, they would implicate the PRNP region, in which they exist, 

as a structurally and evolutionarily important domain that may be involved in prion 

replication. Forty five out of total 115 amplicons were restricted using 2U of AciI 

restriction enzyme while the remaining ones were restricted using 1.5U of the enzyme. 

The use of 2U of the enzyme revealed a restriction pattern reminiscent of genotype 

127GG for all 45 amplicons. On the contrary, 11 of 70 amplicons cut by 1.5U of the 

enzyme revealed a restriction pattern reminiscent of genotype 127VV. It was assumed 

that the 271 bp fragment containing the polymorphic site (Fig. 7) had not been restricted 

to detectable levels because of decrease in the enzyme amount by 0.5U. To test this 

assumption, RFLP for amplicons representing 127VV genotype was performed by 

increasing the enzyme amount to 2U. Additionally, PRNP sequencing of 4 DNA 

samples representing 127VV/129MM and/or 127VV/129VV diplotype was also carried 

out. The results of both RFLP and sequence analyses favored the assumption. There 

was no change of “t” instead of “g” at the polymorphic site of the codon 127 (ggc (G) 

→ gtc (V)). As expected, sequencing displayed the corresponding “a” and “g” 

nucleotides at the polymorphic site of the codon 129 (atg (M) → gtg (V)) (Fig. 10).   

 

The selection of only a few samples from each ethnic group may provide maximum of 

the genetic heterogeneity at a locus. However, there are some genetic disorders which 

are equally prevalent in populations of different ethnicities. The study of genetic 
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diversity in persons affected with such disorders holds a unique opportunity of fulfilling 

the requirement of samples’ randomization. Therefore, 221 hemophiliacs each 

representing a single hemophilia A or B family were also included in the study. The 

hemophiliacs belonged to all four major provinces of Pakistan (Punjab, Sindh, 

Balochistan and Khyber Pakhtunkhwa). The results of M129V allelic and genotypic 

frequencies for these hemophilia samples were randomly divided into 5 groups. Group 

1 (SGD1) had large sample size as compared to other groups (SGD2, SGD3, SGD4 and 

SGD5). No significant differences for M129V allelic and genotypic frequencies were 

observed between these 5 groups (Fig. 9a). The M129V allelic and genotypic 

frequencies also did not differ significantly between SGD groups and NwM group. 

These results attested the hypothesis of natural randomization of genetic heterogeneity 

at a locus. The study of multiple loci is necessary to further attest this hypothesis, 

however. There was no significant difference for M129V allelic and genotypic 

frequencies between 320 anonymous males (AnM) and 62 anonymous females (AnF).  

 

Additional to G127V and M129V polymorphisms, the genotyping of octapeptide 

repeats insertions (OPRIs) or deletions (OPRDs) in PRNP was also performed. Out of 

all 909 samples from AnM, AnF, SGD and NwM groups, insertion of 1 OPR (1-OPRI) 

was detected in 1 sample each from AnM and AnF, deletion of 1 OPR (1-OPRD) also 

in 1 sample each from AnM and AnF, one 3-OPRI in SGD1 and nine 1-OPRDs in 

NwM. The OPRDs in NwM were detected in 6 individuals from Punjab (5 from Punjabi 

and 1 from Seraiki linguistic groups or 1 each from Rahim YK, Lodhran, Narowal, 

Sahiwal, Khanewal and Muzaffar Garh geographic groups), 2 from Khyber 

Pakhtunkhwa (2 from Pashto linguistic group or 1 each from Swat and Malakund 

geographic groups) and 1 from Balochistan (1 from Sindhi linguistic group or 1 from 

Jaffarabad geographic group). All OPRIs or OPRDs were associated with the 129M 

allele except 4 1-OPRDs from NwM. These 4 1-OPRDs were associated with 129V 

allele and were detected in 2 individuals from Punjab (3 from Punjabi linguistic group 

or 1 from Rahim YK and 2 from Khanewal geographic groups) and 1 from Khyber 

Pakhtunkhwa (1 from Pashto linguistic group or 1 from Malakund geographic group). 

The lower rate of OPRIs or OPRDs association with 129V allele is consistent with the 

lower frequency of this allele in Pakistani population.  

The M129V genotypic frequencies did not hold Hardy-Weinberg equilibrium (HWE) 

for SGD1 and NwM groups. The disobeyance of HWE by NwM group was caused by 
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the disobeyance of HWE by Punjabi and Pashto linguistic groups. There was   

significant heterogeneity in the distribution of 127M and 127V alleles among all groups 

studied (AnM, AnF, SGD and NwM). However, the distribution of these alleles among 

different groups of AnM (stratified according to linguistic or geographic ethnicity) was 

statistically similar (p ≤ 0.05). 

 

Discussion  

Of the two studied PRNP polymorphisms (G127V and M129V), G127V was found to 

be monomorphic (only one of the two possible alleles, the G allele, was found), while 

M129V was polymorphic. The absence of the 127V allele in Pakistani population is 

consistent with the previous finding that the G127V polymorphism is restricted to the 

kuru region of Papua New Guinea Eastern Highlands (Mead, et al., 2009). This finding 

further supports the notion that Kuru-like epidemics have not occurred in worldwide 

populations as proposed previously (Soldevila, et al., 2006; Zan, et al., 2006) against a 

study published in 2003 (Mead, et al., 2003) and are geographically restricted as 

proposed recently (Manuelidis, et al., 2009; Manuelidis, 2010).   

 

The PRNP codon 129 is of prime importance in studying the human prion disease. It 

has been well studied at molecular level to confirm the mechanistic cause of its 

association with different neuropathological phenotypes, especially of human prion 

disease (Wadsworth, et al., 2010). The M129V polymorphism is associated with white 

matter reduction and enlargement of CSF (Rujescu, et al., 2002), cognitive performance 

(Croes, et al., 2003; Del Bo, et al., 2003; Rujescu, et al., 2003) and long-term memory 

(Papassotiropoulos, et al., 2005). The molecular mechanism behind these associations 

remains to be studied, however. Conversely, the M129V polymorphism is known to 

modulate the molecular processes of oligomerization and amyloid formation on the 

PrPC→PrPSc conversion pathway (Hosszu, et al., 2004; Tahiri-Alaoui, et al., 2004; 

Baskakov, et al., 2005; Lewis, et al., 2006; Gerber, et al., 2008). This molecular 

involvement of M129V in these processes explains its remarkable correlation with 

susceptibility to and molecular and clinicopatholological phenotypes of human prion 

disease (Wadsworth, et al., 2004; Asante, et al., 2006).  While heterozygosity at PRNP 

codons protects humans against prion disease by inhibiting homologous protein-protein 

interactions (Palmer, et al., 1991; Geldermann, et al., 2006), alteration in the PRNP 

expression is also associated with the risk of occurring prion diseases (Concepcion, et 
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al., 2005; Bratosiewicz-Wasik, et al., 2007). Due to massive impact of PRNP on prion 

diseases, PRNP variation has extensively been studied both in animals (Babar, et al., 

2008a and b; Goldmann, 2008; Babar, et al., 2009) and humans in whom M129V has 

been targeted by many epidemiological studies (Table 5). Homozygosity at M129V is 

a risk factor for human prion disease (Mead, et al., 2009; Wadsworth, et al., 2010; Zou, 

et al., 2010). 

 

In the present study, we determined the risk of Pakistani population for developing or 

acquiring a prion disease on the basis of PRNP polymorphism M129V and insertions 

or deletions of octapeptide repeats (OPRDs/OPRIs) within amino acids 51 to 91. A 

combined excess of 129MM (52.70%) and 129VV (36.63%) genotypes was found in 

comparison with 129MV heterozygosity (10.67%). Excessive homozygosity at M129V 

is associated with greater risk for developing or acquiring a prion disease (Collinge, et 

al., 1991; Mead, et al., 2003; Windl, et al., 1996; Mead, et al., 2009; Zou, et al., 2010) 

and is also associated with increased incidence of sCJD on the island of Crete (Plaitakis, 

et al., 2001). Amongst the unknown hemophiliac, a 129MM homozygote individual 

was found to carry three insertions of octapeptide repeats (3-OPRI) in heterozygous 

state. The octapeptide repeats region consists of 5 repeats in normal PRNP sequence, 

which is designated as R1 through R5, respectively. If any nucleotide variation is found 

in a repeat, the name of that nucleotide is added to the name of corresponding repeat 

i.e., R2a or R3g (Yu, et al., 2004). A 3-OPRI (R1, R2, R2, R3g, R2, R2, R3, R4) linked 

to the 219K allele in one person (68 years old) and to the 129V allele in another (69 

years old) has been associated with f/gCJD (Grasbon-Frodl, et al., 2004; Nishida, et al., 

2005). A 3-OPRI (R1, R2, R2, R2a, R2, R2, R3, R4) has also been detected in a 

clinically normal Chinese young girl and her mother who was in her late 30’s (Yu, et 

al., 2004).  

 

Although many other factors may also be involved, the development of f/gCJD in a 

person carrying extra OPRIs in PRNP appear to be dependent on the age of that person 

as well as the nature and number of OPRIs (Belay, 1999; Yu, et al., 2007). The 

octapeptide region of the prion protein has been shown to play neuroprotective role and 

is involved in copper metabolism (Mitteregger, et al., 2007). ). Insertions of 2-13 

octapetide repeats are associated with f/gCJD (Capellari, et al., 1997; Weissmann, 

1999; Grasbon-Frodl, et al., 2004; Yu, et al., 2004; Nishida, et al., 2005; Beck, et al., 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bratosiewicz-Wasik%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.springerlink.com/content/?Author=E.+Grasbon-Frodl
http://www.springerlink.com/content/?Author=Y.+Nishida
http://www.springerlink.com/content/?Author=E.+Grasbon-Frodl
http://www.springerlink.com/content/?Author=Y.+Nishida
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2010). The insertion of extra OPRs increases the propensity of PrPC for oligomerization 

and the rate of protease-resistant prion protein formation (Moore, et al., 2006; Yu, et 

al., 2007). Although PRNP variation is not the only risk factor for human prion disease, 

the higher extent of M129V homozygosity and the detection of a 3-OPRI in an 

individual indicate that Pakistani population is genetically susceptible to develop or 

acquire prion diseases. However, the lower age expectancy might be a major limiting 

factor for the development of prion disease in Pakistani population. The acquisition of 

prion disease by Pakistani population may be dependent, as is the case with other 

populations, on the presence of prion infectivity and its spread by environmental and 

iatrogenic routes.  

 

In addition to 3-OPRI, deletion of 1-OPRD in 10 individuals in heterozygous form and 

in 1 individual in homozygous form was also found. Only the deletion of 2-OPRD is 

associated with g/fCJD, while 1-OPRD may be protective factor against the 

development or acquisition of human prion diseases (Beck, et al., 2010). However, 1-

OPRD has been found as a risk factor for other diseases such as gastric cancer (Liang, 

et al., 2006). The frequency of 1-OPRD in Pygmy population is 7% (Beck, et al., 2010). 

The 1-OPRD has been found in worldwide populations (Salvatore, et al., 1994; Erginel-

Unaltuna, et al., 2001; Jeong, et al., 2004; Yu, et al., 2004; Beck, et al., 2010). The 

deletions of 1-OPRs (R2 and R3/R4 (between R3 and R4)) in Pakistani population from 

CEPH human genome diversity panel have been found, while the insertion of R2a was 

detected between R3 and R4 as R1, R2, R2, R3,R2a, R4 (Beck, et al., 2010). In the 

present study, the insertion of one OPR (1-OPRI) was found in heterozygous state in 2 

individuals and was linked to the methionine allele at codon 129 (1-OPRI-129M). 

Sequencing of 19 out of all 909 DNA samples revealed no PRNP variation other than 

M129V polymorphism. Additional to M129V, PRNP polymorphisms G54S and E219K 

have also been detected in Pakistani population from CEPH human genome diversity 

panel (Beck, et al., 2010).  

 

The comparison of M129V allelic and genotypic frequencies obtained here with those 

of CEPH Pakistani population revealed no significant difference (Hardy, et al., 2006; 

Beck, et al., 2010). Significant variation between opposite sexes was also absent. 

However, women have been found to carry higher M129V heterozygosity than men in 

some European countries (Mitrová, et al., 2005). The M129V allele and genotype 
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frequencies were similar between NwM and hemophiliac (SGD1-5) samples. This 

suggests that samples from single gene disorders may provide a naturally randomized 

population to explore maximum variability in studies of the human genetic diversity. 

The 129MM homozygosity was significantly higher in Pakistani population than in 

some European populations (Table 5). Although homozygosity at the codon 129 is 

greater in Asian countries, most of sCJD cases have been reported in Western nations. 

This difference may be attributed to environmental, cultural, anthropological and 

epidemiological variations among various geographic regions.  

 

Conclusion  

No case of prion disorder in humans or animals has been reported from Pakistan. 

However, the combined excess of 129MM and 129VV homozygotes and the presence 

of 3-OPRI in PRNP of Pakistani population indicates that Pakistani people may be  

susceptible to sporadic as well as familial or genetic prion disorders. The major factors 

limiting the detection of prion cases in Pakistan might be the lack of proper diagnostic 

facilities and the lower average life span ranging between 60-65 years. Interestingly, a 

number of sCJD cases have been documented in the CJD registry of the neighboring 

country, India (Shankar and Satishchandra, 2005). The average life expectancy of 

Indian people is also between 60-65 years. Therefore, a comprehensive genetic screen 

of PRNP is needed to establish the presence of human prion disorders in Pakistani 

peoples, especially in those who present with neurological symptoms such as ataxia and 

dementia.  
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Table 5 Comparison of worldwide data on M129V alleles and genotypes distribution 

 

  Alleles   M V Genotypes  MM MV VV                                                                                                                    

Population  n* n** n**  P-value  n*** n*** n***   P-value  References

 

Chinese Hans  205 405 5 S   200 5 0 S  Yu, et al., 2004                                                                                                   

Taiwan   100 197 3 S   97 3 0 S  Tsai, et al., 2001                                                         

Koreans   529 1027 31 S   499 29 1 S  Jeong, et al., 2004                                                                                                                        

Japanese   179 343 15 S   164 15 0 S  Doh-ura, et al., 1991                                                                                                 

Chinese Huis   198 365 31 S   168 29 1 S  Yu, et al., 2004                                                                                     

Lebanon   107 167 47 S   66  35 6 NS  Mercier, et al., 2008                                                                                        

Chinese Uyghurs  223 345 101 S   134 77 12 S      Yu, et al., 2004                                                                                                                                                    

Cretan   205 311 99 NS   117 77 11 NS     Plaitakis, et al., 2001                                                                                     

Moroccan  147 221 73 NS   84 53 10 NS   Nadifi, et al., 2008                                                                                                 

Gaza Strip  139 207 71 NS   76 55 8 NS       Mercier, et al., 2008                                                                                                

Turkey   100 148 52 NS   57 34 9 NS   Erginel-Unaltuna, et al., 2001                                                                                     

Pakistani  909 1291 527 -   479 333 97 -                                                                                                       

Finnish   1957 2756 1158 NS   969 818 170 S      Nurmi, et al., 2003                                                                                                                                                         

Slovak   613 855 371 NS   295 265 53 S     Mitrová, et al., 2005                                                                                                  

Greek   348 484 212 NS   174 136 38 NS  Saetta, et al., 2006                                                                                          

Icelandic  208 287 129 NS   97 93 18 NS     Georgsson, et al., 2006                                                                                    

French   1374 1851 897 S   606 639 129 S             Lucotte, et al., 2005                                                                           

Austrians  300 404 196 NS   129 146 25 S         Zimmermann, et al., 1999                                                                                                                                                          

Italians   186 243 129 S   84 75 27 NS      Salvatore, et al., 1994                                                                                            

Polish   109 141 77 NS   49 43 17 NS     Bratosiewicz, et al., 2001                                                                                     

French   161 208 114 S   63 82 16 S        Laplanche, et al., Deslys, et al., (1994)                                                                                                                                                                                                                                                                                                                                                                                            

Caucasians  398 510 286 S   156 198 44 S     Alperovitch, et al., 1999                                                                                       

Spanish   268 337 199  S   112  113 43 S          Combarros, et al., 2000                                                                                                                                           

British   106 132 80 S   39 54 13 S     Palmer, et al., 1991                                                                                       

Ireland   203 252 154 S   69 114 20 S    Nurmi, et al., 2003                                                                                                                                               

Danish   352 430 274 S   131 168 53 S  Dyrbye, et al., 2008  

 

Populations from Chinese Hans to Danish are arranged according to decline in M allele frequency. n*= number of individuals, n**= number of alleles, n***= number of 

genotypes.  
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Fig. 8 Diagrammatic representation of RFLP and sequence analyses of PRNP polymorphism M129V.         

The middle intense band in the 50 bp ladder (M) points to 500 bp meaning each successive band in the 

ladder indicates an increase or decrease of 50 bp. NC (NTC) = negative control (non-template control), 

NSC = non-specific control containing DNA template from buffalo and PC = positive control. a: Gel 

photograph showing PCR amplification for primer pairs 1, 2 and 3. b and c: Gel photographs showing 

the results of restriction by NspI and TaiI, respectively (lanes 1-3 = 129MM genotype using primer pairs 

1, 2 and 3, respectively; lanes 4-6 = 129MV genotype using primer pairs 2, 3 and 4, respectively and 

lanes 7-8 = 129VV genotype using primer pairs 7, 8 and 9, respectively). d: Gel photograph showing the 

results of NspI restriction of PCR products amplified from saliva DNA (lanes 1-3 = 129MM genotype 

using primer pair 1). e: Gel photograph showing insertion of 72 bp or 3 octapeptide repeats (3-OPRI) 

(lane 1) and of 24 bp or 1 octapeptide repeat (1-OPRI) (lane 2). Sequence chromatograms showing 

M129V genotypes (f = 129MM, g = 129VV and h =129MV; M = ATG and G = GTG) 
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Fig. 9a M129V alleles and genotypes distribution in various geographic and ethnic clusters of Pakistani 

population. Above each bar in histograms is given the number of alleles or genotypes detected per human 

geographic or ethnic group. One genotype and 2 alleles are equivalent to 1 individual. AnM = 

Anonymous males; AnF = Anonymous females; SGD1-5 = Single gene disorder 1, 2, 3, 4 or 5; NwM = 

Males known identity.    
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Fig. 9b District-wise M129V alleles’ distribution in Pakistani population. Above each bar in histograms 

is given the number of alleles detected per district. Two alleles are equivalent to 1 individual.  
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Fig. 9c District-wise M129V genotypes’ distribution in Pakistani population. Above each bar in 

histograms is given the number of genotypes detected per district. One genotype is equivalent to 1 

individual.  
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Fig. 10 Diagrammatic representation of RFLP and sequence analyses of PRNP polymorphism G127V. 

The middle intense band in the ladder (M) is of 250 bp. The upper and lower bands are 50 bp larger (300 

bp) or smaller (200 bp) than the the 250 bp band. a: Lanes 1-10 show G127V genotype GG (127GG); b: 

Lanes 1, 3, 5, 7, 8 and 9 show 127GG, lane 2 shows 127GG alongwith a homozygous deletion of 1 OPR 

(1-OPRD) while lanes 4, 6 and 10 show G127V genotype VV (127VV); c and d: Sequence 

chromatograms showing no replacement of highlighted nucleotide G with T (GGC (127G) → GTC 

(127V)). The replacement of nucleotide “A” 4-bp downstream of the highlighted nucleotide can be seen 

occurring with G (ATG (129M) → GTG (129V)).     
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Part 2 

Genetic resistance to bovine spongiform encephalopathy  

 

Results  

A total of 617 Pakistani bovids including 236 cattle from 7 breeds, 281 buffaloes from 

5 breeds and 50 each of sheep and goats from 10 breeds of each species were screened 

for E211K and 23 bp and 12 bp indels polymorphisms. All the three polymorphisms 

were amplified more than 3 times employing monoplex, 5 possible diplex and 2 triplex 

PCR amplifications. The results of all mono-, di- and triplex PCR amplifications were 

found to be consistent (Fig. 11). They revealed broad variation between Pakistani cattle 

and buffalo breeds at 12 bp and 23 bp indels loci. The E211K polymorphism was not 

detected in any of animals studied. Both 12 bp and 23 bp insertion alleles were fixed in 

all studied sheep and goats. The PRNP amplicons sequences were aligned with those 

retrieved from NCBI databank to further support our results. Both caprine and ovine 

PRNP sequences showed monomorphism for 12 bp insertion and 23 bp deletion alleles 

(Fig. 12).  

 

The frequency of 12 bp insertion alleles in cattle ranged from 0.8182 in Dhanni to 1.00 

in Red Sindhi with an average of 0.9407 and that of 23 bp insertion alleles from 0.0909 

in Dhanni to 0.2500 in Red Sindhi with an average of 0.1822. The frequency of 12 bp 

and 23 bp insertion alleles in buffalo was greater than 80% and 90%, respectively. The 

distribution of 12 bp and 23 bp indels alleles, genotypes and haplotypes varied at p<0.05 

between some cattle breeds but not between any buffalo breed pair (Fig. 13). Significant 

differences were found for 12 bp indel alleles between Cholistani/Dhanni × 

Sahiwal/Therparker/Red Sindhi and Sahiwal/ Therparker/Red Sindhi × 

Nili/Ravi/Kundhi/Nili Ravi breed pairs, for 12 bp indel genotypes between Dhanni × 

Sahiwal/Therparker/Red Sindhi, Sahiwal/Red Sindhi × Nili/Ravi and Sahiwal × Nili 

Ravi breed pairs, for 23 bp indel alleles between Cholistani × Sahiwal/Red Sindhi and 

Cholistani/Dhanni/Lohani/Sahiwal/ Therparker/ Red Sindhi/Achai × 

Nili/Ravi/Azikheli /Kundhi/Nili Ravi breed pairs, for 23 bp indel genotypes between 

Cholistani/Dhanni/Lohani/ Sahiwal/Therparker/Red Sindhi/Achai × 

Nili/Ravi/Azikheli/Kundhi/Nili Ravi breed pairs, and for 12 bp + 23 bp indels 

haplotypes between Cholistani/Dhanni × Sahiwal/Therparker/Red Sindhi, Lohani × 
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Red Sindhi and Cholistani/Dhanni/Lohani/Sahiwal/Therparker/Red Sindhi/Achai × 

Nili/Ravi/Azikheli/Kundhi/Nili Ravi breed pairs. 

 

This variation in alleles, genotypes and haplotypes distribution was more significant for 

the 12 bp than the 23 bp indel locus as confirmed by p-values of homogeneity tests 

which were performed for the pooled data of cattle breeds. The p-values of χ2/G2 

likelihood tests for alleles’ homogeneity at 12 bp and 23 bp indels loci were 0.006/0.004 

and 0.152/0.123, respectively. The pooling of buffalo breeds data resulted in these 

values as 0.473/0.398 for the 12 bp and 0.307/0.143 for the 23 bp indel locus. 

 

Genotypic data for following breed × locus pairs deviated from HWE: Cholistani (12+/-

\1n2y and 23+/-\1n2n), Lohani (12+/-\1n2y), Sahiwal (23+/-\1n2n), Nili (12+/-\1n2n), 

Ravi (12+/-\1n2n), Kundhi (12+/-\1n2n), Nili Ravi (12+/-\1n2n and 23+/-\1n2n) and 

the pooled data for cattle and for buffalo breeds (12+/-\1n2n and 23+/-\1n2n). The sign 

of \1n2n or \1n2y wherever used means the relevant breed × locus pair does not obey/ 

obeys HWE assumptions (n/y) by χ2 test (1) or by G2 likelihood test (2). For example, 

Cholistani × 12 bp indel locus pair does not obey HWE assumptions by χ2 test (p= 

0.024) but obeys by G2 likelihood test (p=0.060) (12+/-\1n2y).  

 

Consistent with the excess of homozygous genotypic data for both 12 bp and 23 bp 

indels, the values of Shannon’s information index (I) were lower having a range in cattle 

of 0.0937±0.2296 in Red Sindhi to 0.1298±0.2081 in Dhanni with a mean of 

0.1166±0.1972. The (I) values in buffalo were in the range of 0.0331±0.0810 in 

Azikheli to 0.1068±0.1753 in Nili with a mean of 0.0965±0.1615. Observed 

homozygosity was greater than expected homozygosity and the converse was true for 

observed and expected heterozygosities for both indels loci in cattle as well as buffalo 

with an exception of Dhanni, Therparker and Azikheli breeds. Dhanni revealed a values 

pattern for these parameters opposite to other breeds, while the calculation of these 

parameters gave similar values for Therparker and Azikheli. The heterozygote 

deficiency as indicated by Wright’s fixation index (Fis) was more prominent in cattle 

at the 23 bp (mean Fis= 0.2891) than the 12 bp indel locus (mean Fis=0.1647). This 

pattern reversed in buffalo with mean Fis of 0.2608 for the 23 bp and 0.4490 for the 12 

bp indel locus. The mean Fis values became 0.1507 in cattle and 0.3538 in buffalo with 

a combined analysis of the data set for both indels and were supported by the values of 
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Fit, Fst, gene flow (Nm) and genetic distance. The respective values for Fit, Fst, Nm 

and genetic distance were 0.1789, 0.0333, 7.2654 and 0.0000-0.0105 for cattle and 

0.3634, 0.0149, 16.5784 and 0.0000-0.0020 for buffalo. No significant results were 

obtained for Ewens-Waterson neutrality test for any of studied bovid breeds. Significant 

and strong linkage disequilibria existed in Nili Ravi between all possible alleles’ pairs 

of the two indels loci (12+/23+, 12+/23−, 12−/23+ and 12−/23−). The 12+ and 23− 

alleles’ pairs in all cattle breeds and 12+ and 23+ alleles’ pairs in all buffalo breeds 

were also in linkage disequilibrium, although the results were not statistically 

significant at a p-value of 0.05 (Fig. 13).  

 

There were significant variations between the data obtained for Pakistani cattle breeds 

on 12 bp and 23 bp indels alleles, genotypes and haplotypes and the data reported for 

worldwide cattle (Tables, 6a and 6b and 6c). Data variations between BSE cattle groups, 

except German Holstein BSE cattle, and Pakistani cattle were also significant. No 

significant difference in 12 bp and 23 bp indels alleles, genotypes and haplotypes was 

found between Pakistani and Anatolian water buffalo. 

 

Discussion  

Our genetic data provide support to the inference that Pakistani cattle are more resistant 

to classical BSE as compared to European cattle. Sequence alignments of PRNP regions 

harboring 23 bp and 12 bp indels loci revealed that the 12 bp insertion was more 

conserved across bovine and cervid species than the 23 bp insertion (Fig. 12). Although 

the 12 bp insertion is the major genetic factor conferring resistance to classical BSE in 

UK Holsteins cattle (Juling, et al., 2006), its conservation across bovine and cervid 

species does not mean that it is functionally more relevant to BSE susceptibility than 

the 23 bp indel locus.  

 

The frequencies of 12 bp insertion (+) allele and 12+/+ genotype were significantly 

higher in Pakistani cattle (94.07% and 89.41%, respectively) as compared to worldwide 

cattle (Table 6a). Previous association studies have demonstrated that the 23 bp and 12 

bp deletion (−) alleles, 23−/− and 12−/− genotypes and 12−/23− haplotype are 

associated with increased susceptibility of European cattle to classical BSE (Sander, et 

al., 2004; Juling, et al., 2006; Haase, et al., 2007). Conversely, the presence of insertion 

alleles at the 23 bp and 12 bp indels loci confers resistance to classical BSE. The basic 
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component of BSE resistance was found to be the 12 bp indel locus and there was no 

significant difference between 12+/23− and 12+/23+ haplotypes in conferring BSE 

resistance (Juling, et al., 2006; Kashkevich, et al., 2008). Studies on PRNP regulation 

have also provided a proof that the intron I in which the 12 bp indel locus is located, 

has a key role in controlling PRNP expression levels (Haigh, et al., 2007; Nakamura, et 

al., 2007; Kashkevich, et al., 2008; Xue, et al., 2008; Bellingham, et al., 2009; Msalya, 

et al., 2009; Elmonir, et al., 2010).  

 

On the contrary, the 23 bp insertion allele contains binding site for RP58 transcription 

factor which interacts with SP1 transcription factor having binding site within the 12 

bp insertion allele and represses the SP1 binding and the PRNP expression (Becker, et 

al., 1997; Aoki, et al., 1998; Lee, et al., 2002; Sander, et al., 2005). Decreasing the level 

of prion protein increases the incubation period of BSE (Msalya, et al., 2011). This 

provides a plausible explanation for the association of 12+/23+ haplotype with 

increased resistance to classical BSE (Sander, et al., 2005; Juling, et al., 2006; Msalya, 

et al., 2009). The SP1 transcription factor was recently reported to be a copper-sensing 

transcription activator which enhanced the PRNP expression in response to elevated 

copper level (Bellingham, et al., 2009). The PRNP expression will decrease when the 

interaction of RP58 and SP1 transcription factors will occur. How the 12+/23− 

haplotype can confer resistance to classical BSE in UK Holsteins cattle is much 

confusing (Juling, et al., 2006; Kashkevich, et al., 2008). BSE resistant 12 bp and 23 bp 

insertion alleles have also been found in BSE cattle, suggesting that these alleles confer 

relative resistance to the disease rather than absolute protection. It is suggested that 

there might be other genetic variations within or nearby the 23 bp and 12 bp indels loci 

controlling the BSE susceptibility (Juling, et al., 2006; Haase, et al., 2007; Nakamura, 

et al., 2007).  

 

The 12 bp and 23 bp indel polymorphisms conferring resistance to classical BSE are 

not associated with L-type or H-type atypical BSE. The atypical BSE have occurred in 

almost 30 cattle worldwide. The atypical BSE cases were 4 years older (10 years old) 

than the classical BSE cases (6 years old) (Brunelle, et al., 2007; Clawson, et al., 2008; 

Heaton, et al., 2008; Nicholson, et al., 2008; Richt and Hall, 2008). Although genetic 

factors are also important in the context of disease susceptibility, the environmental 

exposure of cattle to contaminated feedstuffs is the major factor contributing to BSE 
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incidence (Juling, et al., 2006). The 23 bp and 12 bp insertion alleles may artificially be 

selected to produce BSE resistant cattle, preferably in countries where the practice of 

feeding cattle the ruminants-derived MBM has been common for enhancing the milk 

and meat production (Juling, et al., 2006; Goldmann, 2008). It was the ban on the use 

of MBM by which the BSE epidemic was controlled. So, the continuity of this ban is 

necessary to avoid the BSE epidemics to occur in future. The following facts suggest 

that Pakistani cattle are highly unlikely for acquiring BSE infection: 1) no BSE case 

has been observed hitherto in cattle from Pakistan or neighboring countries (Shankar 

and Satishchandra, 2005), 2) Pakistani cattle are not fed ruminant-derived MBM 

(http://ec.europa.eu/food/fs/sc/ssc/ out199_en), and 3) the 12 bp insertion allele is 

predominantly present in PRNP of Pakistani cattle (Tables 6a and 6b and 6c).  

 

The BSE susceptibility depends on breed type; most of BSE cases have occurred in 

Holstein-Friesians than in other cattle breeds (Novakofski, et al., 2005; Ducrot, et al., 

2008). As Bos taurus and Bos indicus are two subspecies of cattle with independent 

origins (Loftus, et al., 1994), they may exhibit differential susceptibility to BSE. 

Although origins of classical BSE are unknown, some observations have convinced a 

group of investigators to suggest that the source of BSE infection may have originated 

from the Indian sub-continent (Colchester and Colchester, 2005; Baron and Biacabe, 

2006; Colchester and Colchester, 2006; Pennington, 2006; Nicholson, et al., 2008; 

Richt and Hall, 2008). These observations demonstrate the occurrence of spongiform 

encephalopathy (SE) in a 19 years old miniature zebu in Basel, Switzerland (Seuberlich, 

et al., 2006), the association of BSE in a Bos taurus × Bos indicus cow with a PRNP 

polymorphism E211K (Nicholson, et al., 2008; Richt and Hall, 2008) and a marginal 

correlation between periods of the BSE epidemic in UK and excessive import of the 

mammalian bones and soft tissues from the Indian sub-continent to UK (Colchester and 

Colchester, 2005). Such a possibility may have some major social, ethical, policy, and 

trade-related concerns for at least Pakistan, India and Bangladesh (Shankar and 

Satishchandra 2005; Chatterjee and van Marck, 2006).  

 

Although BSE origins may have been linked to the dietary exposure of cattle to 

contaminated MBM derived from sheep or goats with scrapie, cattle with atypical BSE 

and humans with Cruetfeldt-Jacob disease (CJD) (Hill, et al., 1998; Colchester and 

Colchester, 2005; Nicholson, et al., 2008; Richt and Hall, 2008), the contaminated 

http://ec.europa.eu/food/fs/sc/ssc/
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MBM derived from cattle with atypical BSE may be the likely candidate for being 

causative of the BSE epidemic, given that prions infection occurs more faithfully within 

animals of the same species (Capobianco, et al., 2007; Nicholson, et al., 2008; Richt 

and Hall, 2008). Atypical L-type BSE may be more infectious to humans than classical 

BSE (Kong, et al., 2008), but no one from naturally occurring human prion cases has 

been associated with atypical BSE. Most of atypical BSE cases were found in 

subclinical stages after active BSE surveillance was carried out in Europe (Ducrot, et 

al., 2008). This indicates that the infectivity titre in subclinical atypical BSE cases may, 

perhaps, have never reached to levels required to cause sustainable humans’ infection.  

 

Atypical BSE cases are thought to have existed in cattle even long ago before the BSE 

epidemic first started to occur in 1986 (Ducrot, et al., 2008). Some visually normal 

cattle propagating atypical BSE infection may also exist in any of cattle-rearing 

countries. In the context of BSE origins, the Indian sub-continent is therefore more 

concerned about surveillance of atypical BSE. No BSE case was observed from the 

Indian-subcontinent in bovines (cattle and buffalo) after screening the animals from 

slaughter houses, dead animals or those ailing with neurological disorders (Shankar and 

Satishchandra, 2005). To elucidate whether the only polymorphism (E211K) associated 

with atypical H-type BSE is present in Pakistani sheep, goats, buffaloes or cattle, 

genotyping of this polymorphism was performed for these bovid species (Fig. 11). The 

K211 allele was absent from peripheral DNA of the studied animals and the results of 

12 bp and 23 bp indel polymorphisms suggested that Pakistani cattle are more resistant 

to classical BSE as compared to European cattle. However, genetically resistant cattle 

can also acquire prions infection. Therefore, the most critical step for controlling the 

BSE occurrence in a locality should be the prohibition of import of contaminated 

ruminants-derived animal diet from BSE-endemic countries. The import of 

mammalians-derived meat and bone meal from any region of the world can possibly be 

associated with the BSE epidemic. Since no clustering of animal or human prion or 

prion-like disorders has been reported from the Indian sub-continent (Pakistan, India 

and Bangladesh) throughout the human history, currently, BSE is not a matter of 

concern for this region. However, rare sporadic CJD cases have been reported from 

India (Shankar and Satishchandra, 2005) and may also occur in Pakistan (Results and 

Discussion, Part 1).   
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Conclusion  

Previous studies on PRNP variation have shown that Pakistani sheep and goats are 

susceptible to classical scrapie (Babar, et al., 2008a and b; Babar, et al., 2009). In 

contrast, the frequencies of indels suggest that Pakistani cattle are more resistant to 

classical BSE as compared to European cattle. However, the key risk factor for classical 

BSE is the dietary exposure of susceptible cattle to contaminated feedstuffs.             
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Table 6a Comparison of worldwide data on alleles and genotypes for 12 bp indels in bovids 

 

   Alleles   12+ 12- Genotypes 12+/+ 12+/- 12-/-                                                                                                 

Cattle    n n/% n/%  P-value  n/% n/% n/% P-value References 

 

Japanese Holsteins  290 152/26 428/74 S  21/7 110/38 159/55 S Nakamitsu, et al., 2006                                                                                                                                                   

Japanese  Black     186 161/43 211/57 S  24/13 113/61 49/26 S Nakamitsu, et al., 2006                                                                                        

Korean    437 388/44 486/56 S   91/21 206/47 140/32   S  Kim, et al., 2009                                                                                          

Korean Holsteins   52 40/39 64/61 S  9/17 22/43 21/40 S    Jeong, et al., 2006                                                                                                                                            

Korean Hanwoo   107 94/44 120/56 S  21/20 52/48 34/32 S  Jeong, et al., 2006                                                                  

Vietnamese   206 215/52 197/48 S  40/20 135/65 31/15 S     Muramatsu, et al., 2008                                                                                        
CPakistani    236  444/94 28/6 -  211/90 22/9 3/1 -                                                                                                              

Turkish South Anatolian Red 50 69/69 31/31 S  26/52 17/34 7/14 S U¨n, et al., 2008                                                                                                                                                  

Turkish East Anatolian Red  50 72/72 28/28 S  27/54 18/36 5/10 S U¨n, et al., 2008                                                                                                                                                   

Turkish Gray   50 80/80 20/20 S  33/66 14/28 3/6 S   U¨n, et al., 2008                                                                                          

German Holsteins (healthy)  48 47/49 49/51 S  10/21 27/56 11/23 S   Sander, et al., 2004                                                                                                                             

German Holsteins (BSE)  43 28/33 58/67 S  4/9 20/47 19/44 S     Sander, et al., 2004                                                                    

German + Swiss Brown (healthy) 288 455/79 121/21 S  173/60 109/38 6/2 S     Haase, et al., 2007                                                                                                                                                                                                                                                                                            

German + Swiss Brown (BSE) 228 337/74 119/26 S  124/54 89/39 15/7 S    Haase, et al., 2007                                                                                      

UK Holsteins (healthy)  270 200/37 340/63 S  30/11 140/52 100/37 S   Juling, et al., 2006                                                                                                                                                           

UK Holsteins (BSE)   350 195/28 505/72 S  18/5 159/45 173/50 S  Juling, et al., 2006                                                                                                    

Polish Holstein-Friesians  281 259/46 303/54 S  58/21 143/51 80/28 S   Czarnik, et al., 2007                                                                                                          

US    132 129/49 135/51 S  42/32 47/35 43/33 S Seabury, et al., 2004b                                                                                         

Brazilian Aberdeen Angus  99 87/44 111/56 S  22/22 43/44 34/34 S   Kerber, et al., 2008                                                                                                                                                

Brazilian Charolais   82 69/42 95/58 S  15/18 39/48 28/34 S  Kerber, et al., 2008                                                                                                                                           

Brazilian Franqueiro  73 98/67 48/33 S  32/44 34/46 7/10 S   Kerber, et al., 2008                                                                                                       

                 Continued 
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Bos indicus   58 101/87 15/13 S   44/76 13/22 1/2 S Seabury, et al., 2004b;                                                                                                                                                                                                                                                                                             

                                                                                                                                          Brunelle, et al., 2008a                                                                                                       

Bos taurus × Bos indicus  38 36/47 40/53 S  7/18 22/58 9/24 S Seabury, et al., 2004b;                                                                                                                                                                   

                                                                                               Brunelle, et al., 2008a                                                             

Bos taurus   2282 2009/44 2555/56 S  457/20 1095/48 730/32 S Juling, et al., 2006; Haase, et al., 2007;                                                                                                                             
             Zhang, et al., 2004; Nakamitsu, et al.,   

             2006; Jeong, et al., 2006; Czarnik, et   

             al., 2007; Brunelle, et al., 2008a;    

             Brunelle, et al.,2008b                                                                                                                                                                                                                     

Chinese yak   252 473/94 31/6 NS  225/89 23/9 4/2  NS Zhao, et al., 2009                                                                                          
CPakistani buffalo  281 489/87 73/13 S  227/81 35/12 19/7 S                                                                                              

Anatolian water buffalo  106 182/86 30/14 S  88/83 6/6 12/11 S Oztabak, et al., 2009 

 

CCombined data for studied Pakistani cattle or buffalo breeds  
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Table 6b Comparison of worldwide data on alleles and genotypes for 23 bp indels in bovids 

 

   Alleles   23+ 23- Genotypes 23+/+ 23+/- 23-/-                                                                                                         

Cattle    n n/% n/%  P-value  n/% n/% n/% P-value  References

 

Japanese Holsteins  278 118/21 438/79 NS  14/5 90/32 174/63 S Nakamitsu, et al., 2006                                                                                                                                               

Japanese Black   186 152/41 220/59 S  19/10 114/61 53/29 S Nakamitsu, et al., 2006                                                                                         

Korean    437 387/44 487/56 S  86/20 215/49 136/31 S     Kim, et al., 2009                                                                                                                                                  

Korean Holsteins   52 31/30 73/70 S  6/12 19/36 27/52 S Jeong, et al., 2006                                                                                                                                                    

Korean Hanwoo   107 87/41 127/59 S  20/19 47/44 40/37 S Jeong, et al., 2006                                                                                                                                                        

Vietnamese   206 64/16 348/84 NS  4/2 56/27 146/71 S   Muramatsu, et al., 2008                                                                                      
CPakistani    236  86/18 386/82 -  18/8 50/21 168/71 -                                                                                             

Turkish South Anatolian Red 50 36/36 64/64 S  5/10 26/52 19/38 S U¨n, et al., 2008                                                                                                                                                      

Turkish East Anatolian Red  50 40/40 60/60  S  5/10 30/60 15/30 S      U¨n, et al., 2008                                                                                                                                            

Turkish Gray   50 62/62 38/38 S  23/46 16/32 11/22 S U¨n, et al., 2008                                                                                                                                                     

German Holsteins (healthy)  48 41/43 55/57 S  10/21 21/44 17/35 S    Sander, et al., 2004                                                                                                                                                      

German Holsteins (BSE)  43 23/27 63/73   NS  2/5 19/44 22/51 S  Sander, et al., 2004                                                                                                                                                      

German + Swiss Brown (healthy) 288 346/60 230/40 S  107/37 132/46 49/17 S   Haase, et al., 2007                                                                                                                                                         

German + Swiss Brown (BSE) 228 260/57 196/43 S  86/38 88/39 54/24 S   Haase, et al., 2007                                                                                                                                                                          

UK Holsteins (healthy)  276 161/29 391/71 S  13/5  135/49 128/46 S  Juling, et al., 2006                                                                                                                                                         

UK Holsteins (BSE)               363 175/24 551/76 S  13/4 149/41 201/55 S    Juling, et al., 2006                                                                                                                                                          

Polish Holstein-Friesians  281 207/37 355/63 S  33/12 141/50 107/38 S    Czarnik, et al., 2007                                                                                                                                                         

US    132 79/30 185/70 S  18/14 43/32 71/54 S Seabury, et al., 2004b                                                                                                                                                     

Brazilian Aberdeen Angus  99 54/27 144/73 S  4/4 45+/-1/4649/50 S  Kerber, et al., 2008                                                                                                                                                      

Brazilian Charolais   82 52/32 112/68 S  8/10 36/44 38/46 S  Kerber, et al., 2008                                                                                                                                           

Brazilian Franqueiro  73 53/36 93/64 S  12/16 29/40 32/44 S  Kerber, et al., 2008                                                                                       

Continued 
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Bos indicus   58 14/12 102/88 NS   1/1   12/21 45/78 NS Seabury, et al., 2004b;                                                                                                                                                          

             Brunelle, et al., 2008a                                                                                                                                                       

Bos taurus × Bos indicus  38 15/20 61/80 NS   1/3 13/34 24/63 NS  Seabury, et al., 2004b;                                                                                                                                                                                      

                                                                                                                        Brunelle, et al., 2008a                                                                  

Bos taurus   2276 1730/38 2822/62 S   319/14 1092/48 865/38 S  Juling, et al., 2006; Haase, et al., 2007;                                                                                                                                                           

             Zhang, et al., 2004; Nakamitsu, et al.,   

             2006; Jeong, et al., 2006; Czarnik, et   

             al., 2007; Brunelle, et al., 2008a;    

             Brunelle, et al.,2008b                                                                                                                                                        

Chinese yak   252 57/11  447/89 S  10/4 37/15 205/81 S Zhao, et al., 2009                                                                                                                                                           
CPakistani buffalo  281 535/95 27/5 S  258/92 19/7 4/1 S                                                                                                                                                             

Anatolian water buffalo   106 194/92 18/8 S  93/88 8/7 5/5 S  Oztabak, et al., 2009 

 

CCombined data for studied Pakistani cattle or buffalo breeds  

 

 

 

 

 

 

 

 

 



79 
 

Table 6c Comparison of worldwide data on haplotypes for 23 bp and 12 bp indels in bovids 

 

  Haplotypes  23+12+  23-12-  23-12+ 23+12-                                                                                                                              

Cattle    n n/%  n/%   n/% n/% P-value References

 

Korean    437 367/42  472/54  18/2 17/2 S  Kim, et al., 2009                                                                                                      

Korean Holsteins   52 30/29  64/61  9/9 1/1 S Jeong, et al., 2006                                                                                                                                                       

Korean Hanwoo   107 87/41  118/55  9 0/0 S Jeong, et al., 2006                                                                                                     
CPakistani    236  86/18  28/6  358/76 0/0 -                                                                                                                          

Turkish South Anatolian Red 50 29/29  25/25  46/46 0/0 S U¨n, et al., 2008                                                                                                                                     

Turkish East Anatolian Red  50  33/33  20/20  47/47 0/0 S U¨n, et al., 2008                                                                                                                                                  

Turkish Gray   50 62/62  17/17  21/21 0/0 S U¨n, et al., 2008                                                                                                     

German Holsteins (healthy) 48 42/44  48/50  6/6 0/0 S Sander, et al., 2004                                                                                                                                 

German Holsteins (BSE)  43 24/28  58/67  4/5 0/0 S Sander, et al., 2004                                                                                                 

German + Swiss Brown (healthy) 288  340/59  121/21  115/20 0/0 S Haase, et al., 2007                                                                                                                                                                                                                                                                                                

German + Swiss Brown (BSE) 228 260/57  119/26  77/17 0/0 S Haase, et al., 2007                                                                                                              

UK Holsteins (healthy)  273 159/29  343/63  44/8 0/0 S Juling, et al., 20063                                                                                                                                                             

UK Holsteins (BSE)    353 171/24  506/72  29/4 0/0 S Juling, et al., 2006                                                                                                                   

Polish Holstein-Friesians  281 198/35  288/52  68/12 8/1 S Czarnik, et al., 2007                                                                                                                                                   

Brazilian Aberdeen Angus  99 49/25  107/54  38/19 4/2 S Kerber, et al., 2008                                                                                                                          

Brazilian Charolais   82 51/31  93/57  18/11 2/1 S Kerber, et al., 2008                                                                                                                                            

Brazilian Franqueiro  73 53/36  48/33  45/31 0/0 S Kerber, et al., 2008                                                                                                                      

Bos indicus   58 14/12  15/13  87/75 0/0 0.0156  Seabury, et al., 2004b; Brunelle, et al., 2008a                                                                                                                                                                                               

Bos taurus × Bos indicus  38 15/20  40/52  21/28 0/0 S  Seabury, et al., 2004b; Brunelle, et al., 2008a                                                                                                                                              

Continued 
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Bos taurus   1802 1420/39  1896/53  288/8 0/0 S  Juling, et al., 2006; Haase, et al., 2007; Zhang,   

            et al., 2004; Jeong, et al., 2006; Czarnik, et al.,   

            2007; Brunelle, et al., 2008a; Brunelle, et    

            al.,2008b                                                                                                                          

Chinese yak   252 53/11  31/6  415/82 5/1 S  Zhao, et al., 2009                                                                                           
CPakistani buffalo  281 474/84  12/2  15/3 61/11 S                                                                                                                         

Anatolian water buffalo  106 182/86  10/5  3/1 17/8     S Oztabak, et al., 2009 

 

CCombined data for studied Pakistani cattle or buffalo breeds  
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Fig. 11 Mono-, di- and triplex PCR amplifications for 23 bp and 12 bp indels and E211K PRNP variant. 

The fragment sizes are given in Table 4 (see Materials and Methods). PC= positive control, NC= negative 

control, 1-8= DNA samples from buffalo (1), sheep (2), goat (3) and cattle (4-8)  
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Species  Accession # Sequence 
 
23 bp indel 
Capra hircus  EU870890.1  TCACGTCAA-----------------------GCCTCAGAC 

Ovis aries   FJ952564.1  TCACGTCAA-----------------------GCCTCAGAC 

Odocoileus hemionus AY330343.1  TCAAGTCAA-----------------------GCCTCAGAC 

Bos taurus  AJ298878.1  TCACGTCAA-----------------------GCCTCAGAC 

Bos taurus  AY853302.1  TCACGTCAATCTCAGACGTCTTCCCAACAGCAGCCTCAGAC 

Bos taurus  DQ457195.2  TCACGTCAATCTCAGATGTCTTCCCAACAGCAGCCTCAGAC 

 
12 bp indel 

Bos taurus  AJ298878.1  AATGTGGGC-----------------TGGCTGGTC   

Bos taurus  DQ205538.1  AATGTGGGC-----------------TGGCTGGTC   

Bos taurus  AF163764.1  AATGTGGGC----GGGGGCCGCGGC-TGGCTGGTC 

Capra hircus  EU870890.1  AATGTGGGC----GGGGGCCGCGGC-TGGCTGGTC 

Ovis aries   FJ952564.1  AATGTGGGC----GGGGGCCGCGGC-TGGCTGGTC 

Odocoileus hemionus  AY330343.1  AATGTGGGCGGACGGGGGCCGCGCGCTGGCTGGTC 

 
E211K 

Bos taurus  AJ298878.1  AGGGGGAGAACTTCACCGAAA  

Bos taurus  DQ457195.2  AGGGGGAGAACTTCACTGAAA 

Bos taurus  GENE281427 AGGGGGAGAACTTCACTAAAA 

Homo sapiens NM_001080123.1 AGGGGGAGAACTTCACCGAGA 

Odocoileus virginianus AY360089.1  AGGGGGAGAACTTCACTGAAA 
Odocoileus hemionus AY330343.1  AGGGGGAGAACTTCACTGAAA 

Pseudorca crassidens AP009417.1  AGGGGGAAAACTTCACTGAGA 

Cervus elaphus nelsoni FJ590751.1  AGGGGGAGAACTTCACCGAAA 

Capra hircus  EU032305.1  AGGGGGAGAACTTCACCGAAA 

Ovis aries  AY326330.5  AGGGGGAGAACTTCACCGAAA 

Dama dama  EF165089.1  AGGGGGAGAACTTCACCGAAA  

Odocoileus virginianus AY286008.1  AGGGGGAGAACTTCACCGAAA 

Alces alces shirasi AY225484.1  AGGGGGAGAACTTCACCGAAA 

Hippotragus niger EF165084.1  AGGGGGAGAACTTCACCGAAA 

Gazella thomsonii EU032301.1  AGGGGGAGAACTTCACCGAAA  

Kobus megaceros EF165088.1  AGGGGGAGAACTTCACCGAAA 

Tragelaphus oryx EF165082.1  AGGGGGAGAACTTCACCGAAA 

Cervus nippon AY679696.1  AGGGGGAGAACTTCACCGAAA 

Tragelaphus angasii EU032296.1  AGGGGGAGAACTTCACCGAAA 

 

Fig. 12 Sequence alignments for 23 bp and 12 bp indels and E211K PRNP variant. Alignment for only 

a part of amplicon sequences showing indels and E211K (GAA→AAA) in red is illustrated. Sequence 

alignments were performed using NCBI BLAST (www.ncbi.nlm.nih.gov/blast/).            

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/blast/
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Fig. 13 PRNP alleles, genotypes and haplotypes distribution in various breeds of Pakistani cattle and 

buffalo. Above each bar in histograms is given the number of alleles, genotypes and haplotypes detected 

per breed. One genotype and 2 alleles or haplotypes are equivalent to 1 animal sample.         
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Annexure I                                                                              

Males with known identity  

Sample # District (Province) Caste (Sub-caste) 
 Language 

1 Mardan (K) Yousafzai (Pathan) 

 Pashto  

2 Malakund (K) Yousafzai (Afghan Q) 

 Pashto  

3 Faisalabad (P) Syed (Bukhari) 
 Punjabi 

4 Rahim YK (P) Rajput (Rao) 

 Punjabi 

5 Bahawalpur (P) Arain  

 Punjabi 

6 Rahim YK (P) Arain  
 Punjabi 

7 Karak (K)  Khattak (Afghan) 

 Pashto  

8 Vehari (P)  Rajput (Bhatti) 

 Punjabi 

9 Jhang (P)  Qazi  

 Punjabi 

10 Chiniot (P)  Gill  

 Punjabi 

11 Nankna Sahib (P) Kumhar  

 Punjabi  

12 Peshawar (K) Malik (Awan) 
 Hindko 

13 Narowal (P) Rajput (Khokhar) 

 Punjabi  

14 Chakwal (P) Malik (Awan) 

 Punjabi   

15 Chakwal (P) Malik (Awan) 
 Punjabi 

16 Kasur (P)  Gujjar  

 Punjabi  

17 Chakwal (P) Malik (Awan) 

 Punjabi 

18 Khushab (P) Rajput (Khokhar) 
 Punjabi 

19 Layyah (P)  Khattak   

 Pashto  

20 Rajanpur (P) Watia  

 Seraiki    

21 Khushab (P) Malik (Awan) 
 Punjabi 

22 Rahim YK (P) Malik (Awan) 

 Punjabi 

23 Kasur (P)  Rajput (Rana) 

 Punjabi  

24 Bagh (AJK) Gujjar (Choudhary) 
 Kashmiri  

25 DG Khan (P) Khosa (Bundoani) 

 Seraiki  

26 Rawalpindi (P) Kashmiri (Khawaja) 

 Punjabi  

27 Faisalabad (P) Rajput   
 Punjabi  

28 Layyah (P)  Hashmi  

 Seraiki 

29 Gujrat (P)  Jutt  

 Punjabi 

30 Bhakkar (P) Pathan (Niazi) 
 Seraiki 

31 Bahawalnagar (P) Jutt  

 Punjabi 

32 Jaffarabad (B) Khosa (Umrani) 

 Balochi  

33 Quetta (B)  Pathan (Baresh) 
 Pashto 

34 Pishin (B)  Malghani  

 Seraiki  

35 Mastung (B) Qambrani (Branzai) 

 Balochi    

36 Nasirabad (B) Sasoli (Brahvi) 

 Brahvi  

37 Jaffarabad (B) Channa  

 Sindhi  

38 Nushki (B)  Baloch (Mengal-T)
 Brahvi 

39 Qilla Saifulla (B) Kakar (Sultanzai) 

 Pashto 

40 Zoab (B)  Syed  

 Pashto    

41 Lorali (B)  Tareen  
 Pashto    

42 Pishin (B)  Kakar  

 Pashto    

43 Quetta (B)  Muhammad Hassni 

 Brahvi 

44 Muzaffar Garh (P) Syed (Shah Sherazi) 
 Punjabi 

45 Vehari (P)  Jund (Awan) 

 Punjabi 

46 Khurram A (FATA) Pashtoon (Bangash) 

 Pashto   
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47 Pishin (B)  Kakar (Abdulzai) 

 Pashto 

48 Zoab (B)  Mandokhel (Sheikh) 
 Pashto    

49 Zoab (B)  Kakar (Abdulzai) 

 Pashto 

50 Quetta (B)  Dehwar (Mughal) 

 Brahvi 

51 Jhal Magsi (B) Magsi (Bhulani) 
 Balochi 

52 Lahore (P)  Rana   

 Punjabi  

53 Muzaffar Garh (P) Rajput (Rana) 

 Punjabi 

54 Vehari (P)  Khokhar  
 Punjabi 

55 Khanewal (P) Mughal  

 Punjabi  

56 Rahim YK (P) Larr  

 Seraiki 

57 Muzaffar Garh (P) Jutt (Gill)  
 Punjabi  

58 Gujranwala (P) Awan  

 Punjabi  

59 Vehari (P)  Malik (Chohan) 

 Punjabi 

60 Rahim YK (P) Baloch  

 Seraiki  

61 Nankana Sahib (P) Arain  

 Punjabi  

62 Muzaffar Garh (P) Joiya  
 Seraiki 

63 Bahawalnagar (P) Joiya   

 Punjabi  

64 Mardan (K) Yousafzai   

 Pashto  

65 Qilla Saifulla (B) Pashtoon  
 Pashto 

66 Khurram A (FATA) Bangash  

 Pashto 

67 Lorali (B)  Pashtoon  

 Pashto 

68 Bolan (B)  Arbab  
 Seraiki    

69 Bhakkar (P) Bajwa  

 Punjabi  

70 Swabi (K)  Yousafzai   

 Pashto  

71 Attock (P)  Jutt  

 Punjabi 

72 Nushki (B)  Baloch (Badini) 
 Balochi 

73 Nushki (B)  Baloch (Mengal) 

 Brahvi 

74 Kohlu (B)  Baloch (Marri) 

 Balochi  

75 Mastung (B) Mughal (Shinwar) 
 Pashto 

76 Sialkot (P)  Ansari  

 Punjabi   

77 Gujranwala (P) Jutt (Uppal) 

 Punjabi  

78 Jhelum (P) Jutt (Choudhary) 
 Punjabi 

79 Sheikhupura (P) Arain  

 Punjabi  

80 Narowal (P) Khan (Niazi) 

 Punjabi  

81 Muzaffar Garh (P) Rajput (Rana) 
 Punjabi  

82 Muzaffar Garh (P) Syed (Bukhari) 

 Punjabi 

83 Narowal (P) Gujjar (Padana) 

 Punjabi 

84 Bahawalnagar (P) Arain   

 Punjabi 

85 Muzaffar Garh (P) Arain   

 Seraiki  

86 Gujranwala (P) Rajput (Mayo) 
 Punjabi 

87 Multan (P)  Malik (Kamboh) 

 Seraiki  

88 Muzaffar Garh (P) Rajput  

 Punjabi 

89 Sargodha (P) Butt  
 Punjabi  

90 Kasur (P)  Rajput (Joiya) 

 Punjabi 

91 Lodhran (P) Ghauri  

 Punjabi 

92 Okara (P)  Jutt  
 Punjabi 

93 DG Khan (P) Buzdar (Rustamani) 

 Balochi 

94 Sahiwal (P) Rajput (Rana) 

 Punjabi 
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95 Sialkot (P)  Jutt (Ghumman) 

 Punjabi 

96 Rahim YK (P) Baloch (Rind) 
 Seraiki 

97 Islamabad (P) Mughal  

 Punjabi 

98 Okara (P)  Rajput (Rana) 

 Punjabi 

99 Faisalabad (P) Arain (Mian) 
 Punjabi   

100 Sahiwal (P) Rajput (Rana) 

 Punjabi 

101 Narowal (P) Gujjar (Padana) 

 Punjabi 

102 Narowal (P) Gujjar (Chayche) 
 Punjabi 

103 Sialkot (P)  Chattha  

 Punjabi   

104 Sahiwal (P) Rajput (Bhatti) 

 Punjabi  

105 Narowal (P) Rehmani  
 Punjabi  

105 Mansehra (K) Awan  

 Hindko 

106 Gujranwala (P) Arain  

 Punjabi 

107 DG Khan (P) Khosa (Baloch) 

 Balochi 

108 Khanewal (P) Baloch  

 Seraiki  

109 Lahore (P)  Jutt   
 Punjabi 

110 Mirpur (AJK) Wani  

 Kashmiri  

111 Lorali (B)  Tareen  

 Pashto 

112 Toba Tek Singh (P) Kamboh  
 Punjabi  

113 Jhang (P)  Khokhar  

 Punjabi  

114 Pakpattan (P) Arain  

 Punjabi 

115 DG Khan (P) Baloch (Birmani) 
 Seraiki  

116 Lahore (P)  Malik  

 Punjabi 

117 Sheikhupura (P) Khokhar (Mughal) 

 Punjabi 

118 Okara (P)  Arain  

 Punjabi 

119 Narowal (P) Rajput  
 Punjabi 

120 Okara (P)  Baloch (Lashari) 

 Punjabi 

121 Muzaffar Garh (P) Malik (Sagoo) 

 Seraiki 

122 Multan (P)  Rao (Paroli) 
 Seraiki  

123 Lakki Marwat (K) Yousafzai  

 Pashto 

124 Mardan (K) Yousafzai  

 Pashto 

125 Rahim YK (P) Baloch (Korai) 
 Seraiki 

126 Okara (P)  Jutt (Sindoo) 

 Punjabi 

127 Muzaffar Garh (P) Ansari  

 Punjabi 

128 Vehari (P)  Mughal  
 Punjabi 

129 Pakpattan (P) Jutt (Hunjra) 

 Punjabi 

130 Gujrat (P)  Bhatti  

 Punjabi  

131 DG Khan (P) Qaisrani  

 Seraiki 

132 Khurram A (FATA) Pashtoon  

 Pashto  

133 Muzaffar Garh (P) Khawaja  
 Seraiki 

134 Khyber A (FATA) Pashtoon  

 Pashto 

135 Khurram A (FATA) Pashtoon  

 Pashto 

136 Muzaffar Garh (P) Rajput (Bhatti) 
 Seraiki 

137 Gujrat (P)  Mughal  

 Punjabi 

138 Multan (P)  Jutt  

 Seraiki 

139 DG Khan (P) Muradani  
 Balochi 

140 Muzaffar Garh (P) Bhutta  

 Seraiki 

141 Peshawar (K) Yousafzai (Pathan) 

 Pashto  



110 
 

142 Ziarat (B)  Yousafzai (Pashtoon) 

 Pashto 

143 Lower Dir (K) Pashtoon  
 Pashto 

144 Mardan (K) Pashtoon (Sherazi) 

 Pashto 

145 Upper Dir (K) Yousafzai (Pashtoon) 

 Pashto 

146 Gilgit (G-B) Wazir  
 Shina    

147 Mansehra (K) Tanoli  

 Hindko 

148 Bhimber (AJK) Butt  

 Kashmiri 

149 Malakund (K) Khattak  
 Pashto 

150 Bannu (K)  Wazir  

 Pashto 

151 DI Khan (K) Bluch  

 Pashto 

152 Karak (K)  Khattak  
 Pashto 

153 Karak (K)  Khattak  

 Pashto 

154 Buner (K)  Yousafzai  

 Pashto  

155 Swat (K)  Yousafzai  

 Pashto  

156 Swabi (K)  Yousafzai  

 Pashto  

157 Buner (K)  Yousafzai  
 Pashto 

158 Swat (K)  Yousafzai  

 Pashto 

159 Swat (K)  Yousafzai  

 Pashto 

160 Lahore  (P) Sheikh  
 Punjabi 

161 Lahore  (P) Arain  

 Punjabi 

162 Sheikhupura (P) Hashmi  

 Punjabi 

163 Vehari (P)  Gujjar (Goorsi) 
 Punjabi 

164 Toba Tek Singh (P) Arain  

 Punjabi 

165 Toba Tek Singh (P) Arain (Moudh) 

 Punjabi 

166 Vehari (P)  Jutt (Gangna) 

 Punjabi 

167 Sialkot (P)  Janjua  
 Punjabi 

168 Lodhran (P) Arain  

 Seraiki 

169 Pakpattan (P) Rajput (Sulehria) 

 Punjabi 

170 Mandi Bahauddin (P) Malik (Awan) 
 Punjabi 

171 Layyah (P)  Panwaar  

 Seraiki 

172 Bhakkar (P) Jutt (Chheena) 

 Seraiki 

173 DG Khan (P) Langaha  
 Seraiki 

174 DG Khan (P) Qaisrani  

 Seraiki 

175 DG Khan (P) Baig  

 Seraiki 

176 Vehari (P)  Rajput (Rana) 
 Punjabi  

177 Muzaffar Garh (P) Jutt (Joiya)  

 Seraiki 

178 DG Khan (P) Arain  

 Seraiki 

179 Rahim YK (P) Jam (Pahore) 

 Seraiki 

180 Muzaffar Garh (P) Jutt (Joiya)  

 Seraiki  

181 Vehari (P)  Gujjar (Jaildar)                   
Punjabi 

182 Nankana Sahib (P) Waraich  

 Punjabi   

183 Muzaffar Garh (P) Arain (Mian) 

 Seraiki 

184 Mehmund A (FATA)  Mehmund  
 Pashto  

185 Peshawar (K) Afridi (Adam Khel) 

 Pashto 

186 Khurram A (FATA) Orakzai (Watizai) 

 Pashto 

187 Buner (K)  Yousafzai (Usmanzai) 
 Pashto 

188 Swat (K)  Yousafzai (Marli Khel)

 Pashto 

189 Noshera (K) Yousafzai  

 Pashto 
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190 Charsadda (K) Mehmund  

 Pashto 

191 Sialkot (P)  Gujjar (Khattana) 
 Punjabi 

192 Faisalabad (P) Sheikh  

 Punjabi 

193 Gujranwala (P) Pathan (Vardag) 

 Punjabi 

194 DG Khan (P) Jutt (Sippal) 
 Seraiki 

195 DG Khan (P) Jutt (Channar) 

 Seraiki 

196 Muzaffar Garh (P) Baloch (Almani) 

 Seraiki 

197 Muzaffar Garh (P) Khawaja  
 Seraiki 

198 Layyah  (P) Malik (Jutali) 

 Seraiki 

199 Mianwali (P) Awan (Ghorra) 

 Seraiki 

200 Lahore (P)  Abbasi  
 Punjabi 

201 Sialkot (P)  Rajput (Rana) 

 Punjabi 

202 DG Khan (P) Jam (Dhoole) 

 Seraiki 

203 Bahawalpur (P) Jutt (Sindhoo) 

 Punjabi 

204 Gujrat (P)  Gujjar (Kasana) 

 Punjabi 

205 Gujranwala (P) Rajput (Rana) 
 Punjabi 

206 Lahore (P)  Gauri (Kindiara) 

 Punjabi 

207 Lahore (P) Jutt (Buttar) 

 Punjabi 

208 Mandi Bahauddin (P) Jutt (Ghallu) 
 Punjabi 

209 Gujranwala (P) Jutt (Sindhoo) 

 Punjabi 

210 Lahore (P)  Arain (Karundray) 

 Punjabi 

211 Multan (P)  Jutt (Sindhoo) 
 Punjabi 

212 Lahore (P)  Gujjar  

 Punjabi 

213 Okara (P)  Rajput  

 Punjabi 

214 Vehari (P)  Mirza  

 Punjabi 

215 Lahore (P)  Mughal  
 Punjabi 

216 Gujranwala (P) Rehmani  

 Punjabi 

217 Bahawalpur (P) Arain  

 Punjabi 

218 Narowal (P) Gujjar  
 Punjabi 

219 Lahore (P)  Arain (Mian) 

 Punjabi 

220 Lahore (P)  Gujjar (Bahmann) 

 Punjabi 

221 Lahore (P)  Malik (Awan) 
 Punjabi 

222 Sialkot (P)  Gujjar (Chayche) 

 Punjabi 

223 Narowal (P) Gujjar (Kasana) 

 Punjabi   

224 Lahore (P)  Yousafzai (Khan) 
 Pashto  

225 Lahore (P)  Sheikh (Goreeja) 

 Punjabi 

226 Karachi (S) Syed  

 Sindhi  

227 Faisalabad (P) Jutt (Kamboh) 

 Punjabi 

228 Okara (P)  Rajput (Kakayzai) 

 Punjabi 

229 Sahiwal (P) Rajput (Rana) 
 Punjabi 

230 Okara (P)  Rajput (Rao) 

 Punjabi 

231 Muzaffar Garh (P) Malik (Chajna) 

 Seraiki 

232 Muzaffar Garh (P) Nawab  
 Seraiki 

233 Toba Tek Singh (P) Mughal  

 Punjabi  

234 Okara (P)  Kamboh  

 Punjabi 

235 Gujranwala (P) Dihloon  
 Punjabi   

236 Swabi (K)  Yousafzai (Bam Khel)

 Pashto 

237 Okara (P)  Rajput (Rana) 

 Punjabi 
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238 Sahiwal (P) Saria  

 Punjabi 

239 Gujranwala (P) Jutt  
 Punjabi 

240 DG Khan (P) Baloch (Qaisrani) 

 Seraiki 

241 Muzaffar Garh (P) Jam  

 Seraiki 

242 Bajore A (FATA) Pashtoon   
 Pashto 

243 Khurram A (FATA) Pashtoon  

 Pashto 

244 DG Khan (P) Baloch (Jagiani) 

 Balochi 

244 Okara (P)  Kamboh  
 Punjabi 

246 Muzaffar Garh (P) Saiwra  

 Seraiki 

247 Muzaffar Garh (P) Jam  

 Seraiki 

248 Bahawalnagar (P) Arain  
 Punjabi 

249 Khanewal (P) Kamboh (Choudhary) 

 Punjabi 

250 Okara (P)  Rajput (Bhatti) 

 Punjabi 

251 Muzaffar Garh (P) Baloch (Chandio) 

 Seraiki 

252 Muzaffar Garh (P) Qureshi  

 Seraiki 

253 Sialkot (P)  Arain (Khokhar) 
 Punjabi  

254 Kasur (P)  Rajput (Rangar) 

 Punjabi 

255 Vehari (P)  Mughal  

 Punjabi 

256 Muzaffarabad (AJK) Qureshi  
 Kashmiri 

257 Jhang (P)  Gujjar (Bajhar) 

 Punjabi 

258 Sheikhupura (P) Rajput (Bhatti) 

 Punjabi  

259 Poonch (AJK) Khawaja (Rathore) 
 Kashmiri 

260 Bahawalpur (P) Rajput (Rana) 

 Punjabi 

261 Muzaffar Garh (P) Syed (Zaidi) 

 Punjabi 

262 Sahiwal (P) Jutt (Khokhar) 

 Punjabi 

263 Okara (P)  Arain (Jattala) 
 Punjabi 

264 Mianwali (P) Pathan (Niazi) 

 Seraiki  

265 Muzaffar Garh (P) Arain (Choudhary) 

 Punjabi 

266 Khanewal (P) Kamboh (Choudhary) 
 Punjabi 

267 Sargodha (P) Arain  

 Punjabi 

269 Sargodha (P) Khokhar  

 Punjabi   

270 Sargodha (P) Malik (Khokhar) 
 Punjabi   

271 Sialkot (P)  Arain (Choudhary) 

 Punjabi 

272 Rahim YK (P) Rajput (Rana) 

 Punjabi  

273 Faisalabad (P) Arain (Choudhary) 
 Punjabi 

274 Sheikhupura (P) Joiya  

 Punjabi 

275 Lahore (P)  Rajput (Bhatti) 

 Punjabi 

276 Khanewal (P) Syed (Hashmi) 

 Punjabi 

277 Nankana Sahib (P) Rajput (Rana) 

 Punjabi 

278 DG Khan (P)  Laghari (Dawani) 
 Seraiki 

279 Kasur (P)  Jutt (Sappra) 

 Punjabi 

280 Narowal (P) Kamboh  

 Punjabi 

281 Muzaffar Garh (P) Rajput (Rana) 
 Punjabi 

282 DG Khan (P) Douna (Muhana) 

 Balochi 

283 Sahiwal (P) Rajput (Siyal Durbana)

 Punjabi 

284 Narowal (P) Rajput (Rana) 
 Punjabi 

285 Bajore A (FATA) Pashtoon  

 Pashto  

286 Mehmund A (FATA) Mehmund  

 Pashto 
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287 Layyah (P)  Jutt  

 Seraiki 

288 Muzaffar Garh (P) Baloch (Chandio) 
 Seraiki 

289 Bhakkar (P) Arain (Choudhary) 

 Punjabi 

290 Jamshoro (S) Warya  

 Sindhi    

291 Okara (P)  Rajput (Bhatti) 
 Punjabi 

292 DG Khan (P) Baloch (Kachilla) 

 Seraiki 

293 S.W. A (FATA)  Wazir  

 Pashto 

294 Khyber A (FATA) Shalmaui  
 Pashto 

295 Khurram A (FATA) Paracha  

 Pashto 

296 Vehari (P)  Jutt  

 Punjabi 

297 Sahiwal (P) Rajput (Bhatti) 
 Punjabi 

298 Muzaffar Garh (P) Syed (Bukhari) 

 Seraiki 

299 S.W. A (FATA)  Pashtoon (Mahsud) 

 Pashto 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

300 Orakzai A (FATA) Orakzai (Mani Khel) 

 Pashto 

301 DG Khan (P) Baloch (Birmani) 
 seraiki 

302 Mandi Bahauddin (P) Jutt (Sappra) 

 Punjabi  

303 Sahiwal (P) Arain  

 Punjabi 

304 Muzaffar Garh (P) Jatoi  
 Seraiki 

305 Lodhran (P) Qureshi  

 Seraiki 

306 Hafizabad (P) Minhas  

 Punjabi 

 

 

District (Province) Rahim YK = Rahim Yar Khan, DG 

Khan = Dera Ghazi Khan, Khurram A = Khurram Agency, 

Khyber A = Khyber Agency, DI Khan = Dera Ismail Khan, 

Mehmund A = Mehmund Agency, Bajore A = Bajore 

Agency, S. W. A. = South Waziristan Agency and Orakzai 

A = Orakzai Agency (K = Khyber Pakhtunkhwa, P = 

Punjab, AJK = Azad Jammu and Kashmir, B = Balochistan, 

FATA = Federally Administerd Tribal Areas, S = Sindh and 

G-S = Gilgit-Baltistan); Caste (sub-caste) (Afghan Q = 

Afghan Qaghani and Mengal-T = Mengal Tiraszai) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annexure II                               

Preparation of solutions  

1L 1M Tris-HCl Weigh 121.1g tris base (2-Amino-2-

hydroxymethyl-propane-1,3-diol), dissolve into 700 ml 

distilled H2O, adjust pH to 7.4-8.0, raise final volume to 1L, 
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autoclave and “if possible” filter the solution and store at 

room temperature.  

1L 3M sodium acetate Weigh 246.1 × 3g sodium acetate, 

dissolve into distilled H2O, adjust pH to 5.2, raise final 

volume to 1L, autoclave and “if possible” filter the solution 

and store at room temperature.  

1L 10M NaOH Weigh 40 × 10g sodium hydroxide (NaOH), 

dissolve into 700 ml distilled H2O, raise final volume to 1L 

and store at room temperature.   

1L 1M HCl Measure 86.2 ml of 11.6M HCl, dilute into 

913.8 ml distilled H2O and store at room temperature. 

Precaution Add acid into distilled H2O not distilled H2O 

into acid.    

1L 0.5M EDTA Weigh 372.2/2g ethylene-diamine-

tetraacetic acid (EDTA), dissolve into 700 ml distilled H2O, 

adjust pH to 8.0 by using NaOH pellets or 10M NaOH 

solution, raise final volume to 1L, autoclave and “if 

possible” filter the solution and store at room temperature. 

Note The dissolution of EDTA is pH-sensitive. EDTA will 

start dissolving on stirrer only when pH is increased towards 

8.0 by the pellet-wise or drop-wise addition of NaOH into 

the starting mixture. Once EDTA solution becomes clear, 

stop adding NaOH. If excessive NaOH is added during 

EDTA dissolution, pH may become greater than 8.0, which 

will then be adjusted to 8.0 by using 1M HCl.  

1L TE buffer (10 mM Tris-HCl, 2 mM EDTA, pH 8.0) 

Dilute 10 ml of 1M Tris-HCl solution and 4 ml of 0.5M 

EDTA solution into 500 ml distilled H2O, raise final volume 

to 1L and store at room temperature. 

50 ml 10% SDS Dissolve 5g sodium dodecyl sulphate 

(SDS) into 45 ml distilled H2O, heat up to 68oC for  

dissolution, adjust pH to 7.2 by using 1M HCl and “if 

possible” filter the solution and store at room temperature. 

Note Don’t use fume hood while preparing SDS solution.  

10 ml 10 µg/µl proteinase K Dissolve 100 mg proteinase K 

into 10 ml distilled H2O, make aliquots of 100 µl and store 

at -20oC. 

500 ml chloroform: isoamyl alcohol (24:1) Mix 480 ml 

chloroform into 20 ml isoamyl alcohol and store at 4oC.  

500 ml 70% ethanol Mix 350 ml absolute ethanol into 150 

ml distilled H2O and store at 4oC.    

100 ml low TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 

8.0) Dilute 1 ml of 1M Tris-HCl solution and 200 µl of 

0.5M EDTA solution into 50 ml distilled H2O; raise final 

volume to 100 ml and store at room temperature. 

10 ml 10 µg/µl ethidium bromide (EtBR) Dissolve 100 mg 

EtBR into 10 ml distilled H2O or low TE buffer, make 

aliquots of 1 ml, cover tubes with aluminum foil and store 

at room temperature. Note EtBR is a strong mutagen and 

protection from exposure is needed. 

50 ml 6X loading dye Dissolve 0.125g bromophenol blue 

(0.25%), 0.125g xylene cyanol FF (0.25%) and 15 ml of 

100% glycerol (30%) or 20g sucrose (40%) or 7.5g Ficoll 

type 400 (15%) into distilled H2O for making final volume 

up to 50 ml and store at 4oC or -20oC. 

50 ml 6X restriction stop/loading dye Dissolve 0.05g 

bromophenol blue (0.1%), 1g Ficoll type 400 (2%) and 

1.86g EDTA (100 mM) into distilled H2O for making final 

volume up to 50 ml and store at 4oC or -20oC.       

1L 10X TBE buffer Dissolve 108g tris-borate, 55g boric 

acid and 40 ml of 0.5M EDTA solution into 700 ml distilled 

H2O, raise final volume to 100 ml and store at room 

temperature.  

1L 1X TBE buffer Dilute 100 ml of 10X TBE buffer into 

900 ml distilled H2O and store at room temperature.  

1 ml 25 mM dNTPs Mix 250 µl of each of 100 mM dNTPs 

(dATP, dGTP, dCTP and dTTP) for making a 25 mM 

dNTPs solution containing all four dNTPs in equimolar 

concentration and store at -20oC. 

1 ml 2.5 mM dNTPs Dilute 100 µl of 25 mM dNTPs 

solution into 900 µl distilled H2O and store at -20oC. 

100 ρmoles oligoes or primers Multiply nmoles of 

lyophilized oligoes or primers with 10. The answer will 

provide a µl volume of low TE buffer for dissolution of 

these lyophilized oligoes or primers for making 100 ρmoles 

or 100 µM solution and store at -20oC. Example If a 

lyophilized oligo or primer contains 40.2 nmoles, dissolve 

into 420 µl low TE buffer, concentration of the solution will 

be 0.1 nmoles, 100 ρmoles or 100 µM. 

1 ml 10 ρmoles oligoes or primers Dilute 100 µl of 100 

ρmoles oligoes or primers’ solution into 900 µl distilled 

H2O and store at -20oC. 

25 mM MgCl2 and PCR buffer PCR buffers and 25 mM, 50 

mM or 100 mM MgCl2 are provided alongwith purchased 

Taq DNA polymerase (10 U/µl) and are used as such. 

Therefore, recipes for solution preparation and dilutions of 

these PCR reagents are not given


