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Abstract

Background: Bovine spongiform encephalopathy (BSE) is a transmissible spongiform encephalopathy (TSE) of cattle.
Classical BSE is associated with ingestion of BSE-contaminated feedstuffs. H- and L-type BSE, collectively known as atypical
BSE, differ from classical BSE by displaying a different disease phenotype and they have not been linked to the consumption
of contaminated feed. Interestingly, the 2006 US H-type atypical BSE animal had a polymorphism at codon 211 of the
bovine prion gene resulting in a glutamic acid to lysine substitution (E211K). This substitution is analogous a human
polymorphism associated with the most prevalent form of heritable TSE in humans, and it is considered to have caused BSE
in the 2006 US atypical BSE animal. In order to determine if this amino acid change is a heritable trait in cattle, we
sequenced the prion alleles of the only known offspring of this animal, a 2-year-old heifer.

Principal Findings: Sequence analysis revealed that both the 2006 US atypical BSE animal and its 2-year-old heifer were
heterozygous at bovine prion gene nucleotides 631 through 633 for GAA (glutamic acid) and AAA (lysine). Both animals
carry the E211K polymorphism, indicating that the allele is heritable and may persist within the cattle population.

Conclusions: This is the first evidence that the E211K polymorphism is a germline polymorphism, not a somatic mutation,
suggesting BSE may be transmitted genetically in cattle. In the event that E211K proves to result in a genetic form of BSE,
this would be the first indication that all 3 etiologic forms of TSEs (spontaneous, hereditary, and infectious) are present in a
non-human species. Atypical BSE arising as both genetic and spontaneous disease, in the context of reports that at least
some forms of atypical BSE can convert to classical BSE in mice, suggests a cattle origin for classical BSE.
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Introduction

Transmissible spongiform encephalopathies (TSEs) are a class of

neurodegenerative diseases that affect various mammals. They are

caused by abnormally folded prion proteins that induce the

conversion of the non-infectious, cellular form of the host prion

protein (PrPC) into the abnormal, infectious form (PrPSc) [1]. In

humans, TSEs can be acquired through exposure to infectious

material, inherited as germline polymorphisms in the prion gene

(PRNP), or occur spontaneously. In other mammals, exposure to

infectious material is the only confirmed natural route.

Bovine spongiform encephalopathy (BSE), a TSE of cattle, can

be subdivided into at least three groups: classical, H-type, and L-

type, with the latter 2 collectively referred to as atypical BSE.

Susceptibility or resistance to a TSE disease can be influenced by

at least 3 factors related to the host prion protein: protein

expression levels, the number of octapeptide repeats, and specific

amino acid differences. These 3 factors are all relevant to prion

biology in cattle. Non-coding region polymorphisms in cattle have

been identified that modulate expression level [2,3] and influence

susceptibility to classical bovine spongiform encephalopathy (BSE)

[4,5] but not atypical BSE [6]. The presence of additional

octapeptide repeats in transgenic mice [7,8] and Brown Swiss

cattle [9,10] have been reported to result in increased susceptibility

to classical BSE. Amino acid differences are a major component in

susceptibility and resistance to acquired TSE disease in sheep [11]

and are the basis for genetic TSEs in humans [12]. The most

common amino acid substitution in humans associated with

inherited Creutzfeldt-Jakob Disease (CJD) is at codon 200 in

which a glutamic acid is replaced with a lysine (E200K). The

presence of the lysine at this codon results in complete penetrance

of CJD [13].

It was determined that PRNP in the 2006 US H-type BSE case

had an encoded amino acid change at bovine codon 211 (E211K)

in one allele, a change that is analogous to the human E200K

substitution [14]. To date, no other coding region polymorphism

analogous to a polymorphism associated with a genetic TSE in

humans has been identified in cattle [12,15], nor has this
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polymorphism been previously reported in any other cattle despite

the sequencing efforts of multiple studies involving several

thousand cattle. No parental information for the 2006 US atypical

BSE case is available, so it is unknown if the E211K polymorphism

was inherited or caused by a spontaneous mutation. As part of an

epidemiologic investigation targeted toward identification of

animals of the birth cohort of the 2006 US H-type BSE case 2

farms were identified as having contained the animal and 35 other

farms identified as having potentially supplied the animal to those

farms. Despite this investigation, the source herd was not identified

providing no means to ascertain heritability by analysis of siblings

of this animal [16]. To address if the E211K polymorphism is a

heritable trait, we tested the only known living offspring of the

2006 US atypical BSE positive animal, a 2-year-old heifer [16]. If

the offspring encodes the same E211K polymorphism, then the

allele is heritable and is possibly circulating in the bovine

population.

Materials and Methods

Extraction, amplification and sequencing of DNA were carried

out as previously described [6]. The 2-year old heifer was housed

under an approved National Veterinary Services Laboratory

animal care and use committee protocol. DNA from this animal

was extracted from both blood and buccal swab tissue using the

High Pure PCR Template Preparation Kit (Roche Applied

Science, Indianapolis, IN). For the 2006 atypical BSE animal,

brain tissue was collected in the field following euthanasia by a

veterinarian attending to the downer animal. DNA was extracted

from the brain tissue as previously described [17]. Polymerase

chain reaction primer pairs were used to amplify a 986-bp region

encompassing the PRNP coding region in cattle, and internal

sequencing primers provided four-fold coverage of the gene. To

ensure accuracy of the results, each DNA sample was subsequently

re-amplified and sequenced. Sequences for the 2006 atypical BSE

animal and the 2-year-old heifer were submitted to GenBank

(accession numbers EU557971 and EU557972 respectively).

Results

In the bovine prion gene, codon 211 corresponds to nucleotides

631 through 633, which are typically homozygous GAA/GAA in

cattle and encodes glutamic acid in both alleles. Our sequence

analysis confirmed the 2006 atypical BSE animal was heterozy-

gous GAA/AAA for these nucleotides where the AAA codon

encodes a lysine. We also established that the 2-year-old heifer is

likewise heterozygous GAA/AAA for nucleotides 631 through

633. Output from DNA sequencing depicting the presence of the

heterozygous codon for these two animals, as well as a normal

bovine reference sample, are shown in Figure 1.

Discussion

Few genetic polymorphisms within the bovine PRNP coding

region result in an amino acid change [15], and only these two

related animals encode for an amino acid substitution analogous to

any polymorphism associated with an inherited TSE. While rare,

the fact that the substitution is heritable clearly indicates that this

allele may be present in the cattle population at some, albeit low,

frequency.

Etiology of TSEs is complex with human TSEs known to occur

as infectious, spontaneous, and genetic diseases. While transmis-

sion through peripheral exposure to infectious material is clearly

involved in the feedborne, classical BSE epizootic, the origin of

BSE is unresolved. Although sheep scrapie has been suggested as a

potential source of BSE [18], scrapie has yet to be transmitted to

cattle orally [19]. This discrepancy necessitates a reevaluation of

the source of the BSE epizootic. Single amino acid substitutions

made within mouse PrP analogous to those associated with human

genetic TSEs were found to cause comparable disease in

transgenic mice [20–22]. Thus, the identification of the E211K

polymorphism in cattle has important implications. Here we

report a germline polymorphism present in cattle analogous to a

polymorphism in humans that results in a genetic TSE with

complete penetrance.

Figure 1. Sequencing output for bovine reference sequence, 2006 US atypical BSE case, and 2-year-old heifer offspring. The bovine
reference sequence is homozygous for G at nucleotide 631. The 2006 US atypical BSE case and the 2-year-old heifer offspring are heterozygous G/A at
nucleotide 631.
doi:10.1371/journal.pone.0002912.g001
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The fact that the 2-year-old heifer has not developed clinical

signs associated with BSE is consistent with the late onset of

hereditary human TSEs [23] and atypical BSE [24]. Consistent

with these observations, the 2006 US atypical BSE animal that

contained the E211K variant was estimated to be 10 years of age

at onset of clinical signs [16]. The heifer will be used to generate

experimental animals containing the E211K polymorphism for

studies that will establish if the polymorphism influences TSE

susceptibility in cattle and if the E211K polymorphism results in

genetic BSE. Recently, it has been suggested that the atypical BSE

cases that lack amino acid changes in the prion protein are likely

spontaneous TSEs of cattle akin to spontaneous TSEs in humans

[6,24–26]. The presence of the E211K polymorphism in an

atypical BSE positive animal, however, indicates a potential

genetic etiology of cattle TSEs much like inherited TSEs in

humans. This preliminary evidence of a genetically based cattle

TSE suggests for the first time that all 3 etiologic forms of TSEs

(spontaneous, hereditary, and infectious) may be present in a non-

human species. Atypical BSE arising as both genetic and

spontaneous disease, in the context of data indicating L-type

BSE can convert to classical BSE in mice [27], suggests a cattle

origin for classical BSE. This could have occurred either

spontaneously or as a result of a polymorphism, such as E211K,

that was then amplified by the practice of feeding these affected

bovine tissues to cattle. This feeding practice has since been

banned in the United States and other nations. Because of the

spontaneous and inherited etiology of BSE, eradication is not an

attainable goal and a low incidence of BSE can be expected to

persist. Compliance with the existing ruminant to ruminant feed

ban should, however, prevent another BSE epizootic comparable

to that which occurred in the U.K.
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