
Enhanced Virulence of Sheep-Passaged Bovine Spongiform
Encephalopathy Agent Is Revealed by Decreased Polymorphism
Barriers in Prion Protein Conversion Studies

Jan Priem,a Jan P. M. Langeveld,a Lucien J. M. van Keulen,a Fred G. van Zijderveld,b Olivier Andreoletti,c Alex Bossersa

Department of Infection Biology, Central Veterinary Institute of Wageningen UR, Lelystad, The Netherlandsa; Department of Bacteriology and TSEs, Central Veterinary
Institute of Wageningen UR, Lelystad, The Netherlandsb; UMR INRA ENVT 1225, Interactions Hôtes Agents Pathogènes, Ecole Nationale Vétérinaire de Toulouse, Francec

ABSTRACT

Bovine spongiform encephalopathy (BSE) can be efficiently transmitted to small ruminants (sheep and goats) with certain prion
protein (PrP) genotypes. Polymorphisms in PrP of both the host and donor influence the transmission efficiency of transmissi-
ble spongiform encephalopathies (TSEs) in general. These polymorphisms in PrP also modulate the PrP conversion underlying
TSE agent replication. Here we demonstrate that single-round protein misfolding cyclic amplification (PMCA) can be used to
assess species and polymorphism barriers at the molecular level. We assessed those within and between the ovine and bovine
species in vitro using a variety of natural scrapie and experimentally generated cross-species BSE agents. These BSE agents in-
clude ovBSE-ARQ isolates (BSE derived from sheep having the ARQ/ARQ PrP genotype), and two unique BSE-derived variants:
BSE passaged in VRQ/VRQ sheep and a cow BSE agent isolate generated by back-transmission of ovBSE-ARQ into its original
host. PMCA allowed us to quantitatively determine PrP conversion profiles that correlated with known in vivo transmissibility
and susceptibility in the two ruminant species in which strain-specific molecular signatures, like its molecular weight after pro-
tease digestion, were maintained. Furthermore, both BSE agent isolates from ARQ and VRQ sheep demonstrated a surprising
transmission profile in which efficient transmissions to both sheep and bovine variants was combined. Finally, all data support
the notion that ARQ-derived sheep BSE points to a significant increase in virulence compared to all other tested scrapie- and
BSE-derived variants reflected by the increased conversion efficiencies of previously inefficient convertible PrP variants (includ-
ing the so-called “resistant” sheep ARR variant).

IMPORTANCE

Prion diseases such as scrapie in sheep and goats, BSE in cattle, and Creutzfeldt-Jakob disease (CJD) in humans are fatal neuro-
degenerative diseases caused by prions. BSE is known to be transmissible to a variety of hosts, including sheep and humans.
Based on the typical BSE agent strain signatures and epidemiological data, the occurrence of a novel variant of CJD in humans
was linked to BSE occurrence in the United Kingdom. Measures, including genetic selection of sheep toward less susceptible PrP
genotypes, have been implemented to lower the risk of BSE transmission into sheep, since the disease could potentially spread
into a natural reservoir. In this study, we demonstrated using molecular PrP conversion studies that when BSE is first transmit-
ted through sheep, the host range is modified significantly and the PrP converting potency increased, allowing the ovine BSE to
transmit more efficiently than cow BSE into supposedly less susceptible hosts.

Prion diseases, or transmissible spongiform encephalopathies
(TSEs), include scrapie in sheep and goats, bovine spongiform

encephalopathy (BSE) in cattle, and Creutzfeldt-Jakob disease
(CJD) in humans. TSEs in sheep and cattle are naturally occurring
infectious and fatal neurological disorders characterized by the
accumulation of pathologically folded prion protein (PrPSc)
mainly in tissues of the central nervous system. Pathogenesis of
both scrapie and experimental BSE in sheep starts after uptake in
the gut via the gut-associated lymphoid tissues into the enteric
nervous system toward the central nervous system (1–3). PrPSc

formation is the key event in prion disease, in which it is converted
from normal cellular PrP (PrPC) by a template-assisted seeding
reaction in which cellular cofactors can play a role (4–6). There-
fore, PrPSc (the seed) is a primary component of the infectious
agent in TSEs.

Transmission of TSEs between and within species usually en-
counters a species or polymorphism barrier that is largely deter-
mined by the PrP amino acid sequence of both the donor and
recipient. For sheep, over 55 PrP polymorphisms have been de-

scribed (7), of which several have been associated with a particular
disease phenotype (8–10). Most important are the variants having
a polymorphism at codon 136 (alanine [A] to valine [V]), usually
designated VRQ, which has been associated with a high risk of
disease and short survival times (sheep PrP alleles are indicated by
amino acids in single-letter code at positions 136, 154, and 171
only). In contrast, the ARR allele having a glutamine (Q)-to-argi-
nine (R) polymorphism at codon 171 renders sheep almost resis-
tant to most kinds of (experimental) TSEs. The wild type (ARQ) is
considered intermediately susceptible to several forms of scrapie
but seems thus far one of the most sensitive variants for experi-
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mental BSE transmissions (11). We have shown earlier that mu-
tations in either PrPC or PrPSc can directly determine the rate of
conversion of PrPC into PrPSc, reflecting the observed susceptibil-
ity and transmissibility of sheep scrapie in vivo (12, 13). Even
though the mechanisms behind ovine prion protein conversion
are still poorly understood, PrP self-interaction domains and
polymorphic regions involved in a proposed molecular switch
correlate with the impact polymorphisms have on prion protein
conversion (14, 15). Surprisingly, there seems to be no measurable
effect on the primary interaction between PrPC and PrPSc mole-
cules (16, 17).

BSE from cattle can be transmitted to a variety of species, in-
cluding ruminants, mice, and humans (10, 11, 18–20). Typical for
BSE during cross-species transmission are the conservation of
some key characteristics that can be measured in mouse strain-
typing studies or by molecular phenotyping (mouse brain lesion
profiles and the typical molecular weight and predominant digly-
cosylated species on Western blots). These signatures usually re-
main preserved for several passages in foreign species (21). Based
on the typical signatures and epidemiological data, the occurrence
of a novel variant of CJD in humans was linked to BSE (22). While
no “natural” BSE has been found in sheep thus far, BSE in goats in
two isolated cases has been found in France and the United King-
dom recently (23–25).

Contrasting natural scrapie in small ruminants, BSE in cattle is
predominantly restricted to the central nervous system (26, 27),
while ovine BSE efficiently spreads through lymphoid tissues, sim-
ilar to sheep scrapie and variant CJD in humans (2, 28–30). This
indicator of increased pathogenicity was underlined by studies of
transmission of ovine BSE into transgenic mice expressing bovine,
porcine, elk, or human PrP (31–33). Whereas in our view, patho-
genicity reflects the ability to cause disease in host organisms
and/or specific organs, the transmission into known less suscep-
tible “species” like sheep ARR indicates that ovine BSE exhibits
different virulence properties. Even though ovine ARQ BSE is
transmitted more efficiently than classical cow BSE into several
lines of transgenic mice, the underlying quantitative molecular
mechanism of cow BSE adapting to sheep PrP variants and simul-
taneously increasing its potency for many PrP variants and species
is still poorly understood.

Several types of cell-free conversion reactions have been devel-
oped in model species like the hamster and mouse that allow the
investigation of PrP conversion and/or sensitive detection in di-
agnostic assays (34–38). In some of these systems, it was demon-
strated that these can be used for assessing species and polymor-
phism barriers in nonmodel species like cattle and sheep (12, 13,
39–41). Moreover, newer systems have been developed with the
primary aim of ultrasensitive species-independent diagnostic de-
tection of TSEs in, for instance, blood and animal products (42–
46). All these systems use the discriminative power of proteinase
K, where PrPC is entirely protease sensitive while a large fragment
of PrPSc is protease resistant (PrPres). The tissue homogenate-
driven conversion, or protein misfolding cyclic amplification
(PMCA), assay has proven itself to be a very effective conversion
system that allowed the ultrasensitive detection of prions (34, 47).
PMCA has also been used to assess the hamster and mouse model
species barrier, the barriers limiting transmission of various CWD
(chronic wasting disease) strains, and the barriers involved in hu-
man CJD (48–52). Thus far, PMCA is the only published conver-
sion reaction that allows the detectable amplification of “classical

TSE-associated” infectivity (43, 52). PMCA is based on the con-
version of large quantities of PrPC by minute quantities of PrPSc—
both isolated from brain tissues— generating more aggregated
PrPSc. These aggregates are subsequently repeatedly sheared by
sonication to generate more seeds, allowing subsequent exponen-
tial amplification of the PrP (47).

In this study, we demonstrated that protein misfolding cyclic
amplification (PMCA) using a variety of PrP sources can be used
to quantify and study strain, species, and polymorphism barriers
at the molecular level. We assessed these barriers within and be-
tween ruminant species in vitro using a variety of experimentally
generated cross-species BSE agents. These included not only cow
BSE and ovBSE-ARQ (ovine BSE derived from sheep having the
ARQ/ARQ PrP genotype) but also two unique BSE-derived vari-
ants: one isolate of BSE agent passaged in VRQ/VRQ sheep and
one ovBSE-ARQ isolate that was back-transmitted into cattle (its
original host).

MATERIALS AND METHODS
Ethic statement. All animal experiments have been performed in compli-
ance with our institutional and Dutch national guidelines, in accordance
with European Community Council Directive 86/609/EEC. Any experi-
mental protocol was approved by the WUR-ASG ethics committee.

Animals and brain tissues. Confirmed scrapie-negative materials of
various PrP genotypes were obtained from a well-defined scrapie-free
flock kept on the Central Veterinary Institute of Wageningen UR (CVI)
premises. Confirmed BSE-negative bovine materials were obtained indi-
vidually from a healthy pool of control animals. Directly after euthaniza-
tion, the brain materials (mainly brain stem) were washed in ice-cold
phosphate-buffered saline (PBS) to remove possible blood clots and sub-
sequently snap-frozen in liquid nitrogen and stored at �80°C until use.

Classical BSE and scrapie materials were derived from various natural
Dutch or United Kingdom cases. A sheep-derived BSE agent (ovBSE-
ARQ) was obtained from three individual ARQ/ARQ sheep of which two
were orally and one was intracerebrally (i.c.) inoculated with classical BSE
agent in the context of European BSE transmission studies (53, 54). In
addition, a VRQ-derived ovine BSE (ovBSE-VRQ) agent was obtained
from a single clinical VRQ/VRQ sheep after oral inoculation with classical
cow BSE agent (1,749-day incubation time). The second rare isolate, a BSE
agent from a cow challenged with ovBSE-ARQ (bov-ovBSE-ARQ), was
obtained from a clinically affected animal 652 days after intracerebral
injection. TSE-positive brain tissues (mainly brain stem and cerebrum)
were directly stored at �20°C and lower. Because of the complexity of this
set of sheep and cow TSE isolates, Fig. 1 was included to assist in under-
standing the conditions and incubation times for the used samples from
ruminant experiments.

All negative and positive isolates were fully PrP genotyped by Sanger
sequencing of the entire open reading frame using routinely established
methods.

Preparation of tissue homogenates. Brain homogenates (10% [wt/
vol]) were prepared in homogenization buffer (PBS containing 150 mM
NaCl, 1% Triton X-100 [pH 7.4], and complete protease inhibitor cocktail
with EDTA [Roche; final concentration, EDTA 1 mM]). Briefly, 0.5 g of
positive or negative brain tissue was macerated and homogenized with 5
ml of ice-cold homogenization buffer for 30 to 60 s on ice at medium
speed with Omnitip plastic disposable rotor stator generator probes. The
homogenates were then precleared by low-speed centrifugation (440 � g
for 2 min). BSE-negative bovine homogenates were precleared by low-
speed centrifugation for 10 min at 4°C to clear large debris and to mini-
mize nonspecific reactions. Supernatants of the negative and positive ho-
mogenates were frozen as small aliquots at �80°C; subsequent freezing
and thawing cycles were avoided prior to PMCA. PrPres levels in TSE
samples were checked after digestion with proteinase K (PK) by Western
blotting (see below for digestion and Western blotting procedures).
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PMCA procedure. PMCA was performed initially as described by Mo-
rales et al. (55) with some adjustments. Briefly, PMCA samples consisted
of equal volumes of negative isolates (PrPC containing substrate) and
TSE-positive isolates (inoculum). Concentrations of PrPres in the various
TSE inocula were matched by diluting homogenates in PBS containing
1% (wt/vol) Triton X-100 to such a level that the PrPres signal was just
visible and quantifiable on a Western blot. Conversion experiments were
performed with 50 �l of these mixture samples in 0.2-ml PCR vials (Nunc;
230895). Usually inocula were diluted at least 10-fold before mixing, but
where necessary for sufficiently accurate quantifications, additional less
diluted fractions were also analyzed up to 2-fold dilutions.

For PMCA of samples, vials were immersed in the sonicator water bath
and subjected to 48 sonication cycles during a 24-h period. Each PMCA
cycle consisted of 29 min of incubation at 37°C and 1 min of sonication at
70% of sonicator power output, 200 to 204 W (S-3000; Misonix, Farm-
ingdale, NY). To avoid systemic errors between similar experiments, the
order of sample position in the water bath was systematically varied.

Nonamplified control aliquots were always taken, directly briefly cen-
trifuged, and frozen at �80°C to be used as a reference for starter PrPres

content. After PMCA, sonicated samples were centrifuged briefly and fro-
zen at �80°C or directly subjected to PK digestion (100 �g/ml for 60 min
at 37°C). The reactions were stopped by adding 30 �l of inhibitors (Pefa-
bloc, Roche) and 25 �l of loading buffer (LDS4x, no reducing agent add-
ed; Invitrogen), and then samples were heated at 96°C for 10 min and
briefly centrifuged prior to Western blotting.

Western blotting. Samples were separated on 12% bis-tris NuPAGE
gels (Invitrogen), transferred to polyvinylidene difluoride (PVDF) mem-
branes, and subsequently immunostained using monoclonal antibody

9A2 (56) at 0.5 �g of IgG/ml. PrPres signal development was performed
with rabbit anti-mouse IgG-alkaline phosphatase conjugate and fluores-
cent ECF substrate (Molecular Dynamics). The 9A2 antibody was quan-
tified by Western blotting to react equally well with a variety of PrP spe-
cies—sheep, cattle, and cervid—and different prions, including scrapie,
BSE, and CWD agents. The fluorescent signal was visualized after a max-
imum of 30 min of substrate incubation on a Typhoon Trio imager (Mo-
lecular Dynamics) and quantified with ImageQuant 5.2 software (Molec-
ular Dynamics).

PMCA quantification and statistical analysis. PMCA-induced con-
version efficiencies were calculated from the quantified signals in the mo-
lecular mass range of 21 to 26 kDa as ratios of sonicated divided by the
corresponding directly frozen control samples. To emphasize the relative
conversion efficiencies, conversion ratios were normalized within each
series against the averaged homologous conversion reaction. A series/
profile of experiments is defined as the complete panel of PrPC variants
(VRQ, ARQ, ARR, and bovine [bov]) used for each individual PrPSc iso-
late. Statistically significant differences between conversion efficiencies
were determined by the double-sided (unpaired) Welch-corrected Stu-
dent t test. Possible linear correlation between sets of conversions were
assessed by the Pearson product-moment correlation efficient and tested
for significance using the nondirectional t-distribution (N � 2, where N is
the number of data points).

RESULTS

We adapted the PMCA technique into a semiquantitative reaction
for sheep- and cow-derived materials, thereby allowing the system

FIG 1 Origins of the various TSE-positive isolates used within this study (naturally acquired or generated). The top line represents the three “natural” TSE agent
types that we started from (natural scrapie from either VRQ/VRQ ([n � 3] or ARQ/ARQ [n � 3] sheep or cattle BSE [n � 3]). Their respective expected
incubation times under natural conditions are specified in years. For cow BSE and BSE-derived isolates, several experimental passages to cattle and sheep (either
ARQ/ARQ or VRQ/VRQ) have been performed by various transmission routes (intracerebral or oral). Their averaged incubation times are given in days
(�standard deviation) after inoculation until clinical disease. Data for oral transmission of cow BSE to ARQ/ARQ sheep are from Thuring et al. (53). Other
transmissions are new (L. J. M. van Keulen, unpublished data).
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to assess species and polymorphism barriers under in vitro condi-
tions. To quantify polymorphism and ovine and bovine species
barriers, we performed our studies in the still-linear kinetic range
of a one-round PMCA reaction (contrasting serial PMCA used to
detect ultrasmall amounts of PrPSc). PMCA-obtained conversion
efficiencies, which follow an entirely different principle from that
of denatured cell-free conversion reactions, confirmed and ex-
tended established sheep scrapie conversion rates and reflected the
observed survival times of cattle and sheep suffering from BSE and
natural scrapie, respectively. Ovine BSE contrasted these “natu-
ral” isolates by exposing an unequivocal increase in conversion
potency and was able to convert less-susceptible PrP variants to
large extents.

One-round PMCA of natural TSE sources. To investigate the
potential of (one-round) PMCA for quantification of conversion
barriers, we used TSE-positive materials from naturally infected
animals, which were scrapie-infected sheep with ARQ/ARQ and
VRQ/VRQ PrP genotypes and BSE-infected cattle identified at
routine surveillance. Healthy control animals were sourced from
histopathologically confirmed negative sheep and cattle. Initial
amplification experiments under standard conditions of serial
PMCA (eight rounds of subsequent PMCA reactions) revealed
high background and/or spontaneous conversion of PrPC from
brain homogenates into protease-resistant PrP isoforms different
from the characteristic PrPSc molecular profiles (data not shown).
We therefore optimized and standardized the procedure (prepa-
ration of the homogenates, sonication conditions, tubes, and tem-
perature control) as well as the collection of fresh substrates. Using
these conditions we could detect highly specific conversion reac-
tions (characteristic PrPres migration in the 19- to 30-kDa molec-
ular mass region and the typical three PrP glycoform variants (di-,
mono-, and nonglycosylated) by incubation both with and with-
out sonication (Fig. 2A). PK conditions were standardized such
that all input PrPC was completely digested. Undigested bands
would be readily visible as bands with slower migration (corre-
sponding to 3 to 4 kDa larger than PrPres). The sonicated reactions
were more efficient than the incubation-only reactions for a vari-
ety of tested PrPSc and PrPC combinations. Thus, VRQ PrPC con-
verted best in PMCA, around 10-fold, while with incubation
alone, an approximately 4- to 5-fold maximum could be achieved.
Under these conditions, bovine PrPC achieved roughly 1.5- and
6-fold conversion ratios, respectively, for incubated and sonicated
conditions (Fig. 2A, incubated versus sonicated). Differences in
the amounts of host PrPC present in the negative brain homoge-
nates were minimal (as assessed by Western blotting), and dilu-
tion series of PrPC only revealed a linear decline in absolute con-
version ratios while maintaining its specific profile of conversion
over different PrPC variants (data not shown).

Obvious was the reproduction of the 1.5-kDa molecular mass
difference of the nonglycosylated fraction of PrPres between
scrapie and BSE as reported (arrows in Fig. 2A). Negative-control
reactions (TSE-positive inoculum was replaced with negative
brain homogenate of the same PrP genetic background) were al-
ways negative under the currently used conditions, indicating that
no detectable spontaneous PrP conversion occurred. The inverse
experiment, in which the negative brain homogenate was replaced
either with conversion buffer or with PrP knockout mouse brain
homogenate, also did not result in the increase of PrPres signal on
a Western blot, excluding an impeded PK reactivity due to, e.g.,
aggregates newly formed in the sonication process.

Even though conversion ratios in single-round PMCA were
relatively low, using the same conditions in serial PMCA, we could
reproduce conversion efficiencies for hamster PrP making around
108-fold dilutions positive in only 4 rounds, while 106-fold dilu-
tions could be reproducibly obtained positive for sheep scrapie
VRQ-homologous reactions in only 5 rounds (data not shown).

Time course series of efficient homologous conversions (VRQ
with VRQ or BSE with bovine) in single-round PMCA demon-
strated that saturation of the reactions due to, for instance, deple-
tion of PrPC occurred only after 40 h (Fig. 2B), with near linear
correlation between time and conversion efficiency in the 0- to
40-h range (linear regression coefficient [R2] better than 0.97).
Therefore, in this study, our PMCA experiments were standard-
ized at 24 h to stay amply in the linear range, allowing adequate
quantification of conversion reactions.

Species and polymorphism specificity in natural TSE iso-
lates. As PrP substrates, TSE-negative brain tissue from sheep ho-

FIG 2 Homologous PMCA conversion reactions of ovine scrapie (VRQ/
VRQ) and BSE. (A) A representative Western blot of the typical three banding
patterns (di-, mono-, or nonglycosylated PrP) is shown in pseudointensity
colors after PK digestion. Detection was performed with monoclonal antibody
9A2. Arrows indicate the molecular mass difference between sheep scrapie and
cow BSE which is most apparent in the nonglycosylated PrP fraction (71).
Lanes before treatment (frozen fraction [F]), after incubation without sonica-
tion (only incubated and not sonicated [I]), and after PMCA (incubated and
sonicated [S]) are indicated. (B) Incubation time curves of homologous
PMCA reactions as shown in panel A. Conversion efficiencies are indicated on
a normalized scale. Linear regression lines for scrapie and BSE had R2 of 0.98
and 0.95, respectively (including the last measurement near its plateau). Ex-
cluding the last measurements at 48 h results in R2 of 1.00 and 0.97 for scrapie
and BSE, respectively.
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mozygous for the ARR, ARQ, and VRQ PrP alleles and from cattle
(6 octarepeats) were used throughout the studies. Quantification
of the results (Fig. 3A) confirmed previous observations in guani-
dine-based cell-free conversions that in general, homologous con-
version reactions were the most efficient reactions (12, 13, 41). In
addition, we confirmed the apparent more conversion-resistant
variant ARR by each of the natural TSE-positive materials.

Each of the conversion reactions was repeated for at least three
independent animal-derived substrates to incorporate possible
animal-animal variation as has been observed previously. For all

natural TSE variants (ovine VRQ/VRQ and ARQ/ARQ scrapie
and cow BSE) and ovBSE-ARQ, at least three animal-independent
isolates per TSE-positive type have been used to drive the conver-
sions (total, n � 9).

All heterologous conversion reactions (Fig. 3A) were signifi-
cantly different (P � 0.01) from their homologous counterparts,
except for ARQ PrPSc in combination with VRQ PrPC (P � 0.27).
This relatively high conversion rate of VRQ is in agreement with
earlier guanidine-hydrochloride (Gdn-HCl) denaturation-based
cell-free conversion studies (Fig. 4). Overall, Fig. 3 displays that

FIG 3 One-round PMCA conversion reactions of various ovine and bovine isolates. Shown are PMCA reactions of bovine (bov) and ovine (ARQ, VRQ, and
ARR) PrP variants for conversion series using various TSE agent types (each of the six panels). All reactions were performed in triplicate for each PrPC, and each
of these triplicates was carried out on three different PrPSc isolates (thus leading to a total of 9 analyses) for scrapie and cow BSE, duplicate for ovBSE-ARQ (n �
6), and single for both ovBSE-VRQ and bov-ovBSE-ARQ (n � 3). Panel A shows conversion results induced by natural sheep scrapie (VRQ/VRQ and ARQ/ARQ)
and cow BSE agent isolates, while panel B displays conversion results of experimental sheep-derived BSE (ovBSE-ARQ or ovBSE-VRQ), as well as a unique
ovBSE-ARQ isolate back-transmitted into cattle (bov-ovBSE-ARQ). Within each of the six sets of images the top portion shows a representative Western blot of
the single-round PMCA prior to (frozen fraction [F]) or after (sonicated [S]) PMCA. The bottom portion of each set of images shows the corresponding
normalized data as a relative conversion profile where the homologous (usually most efficient) reaction was set at unity and each point represents average value
� standard error of the mean. For reference, the cow BSE-induced profile is shown in orange, while for each B graph the gray line shows the corresponding profile
of sheep scrapie agent isolate conversions of panel A.
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each type of PrPSc (except bov-ovBSE-ARQ) generated a quite
distinct and unique conversion profile. Each profile was repro-
ducible for various PrPC and PrPSc isolates and reflected within
each set of PrPSc conversions the known biological parameters of
classical TSE susceptibility and transmission studies. For example,
it is known that transmission to ARR-homozygous sheep is lim-
ited for both classical scrapie as well as BSE, which is reflected with
a relative low conversion rate. In addition to the most efficient
homologous reactions, cow BSE converts ovine ARQ PrPC effi-
ciently, albeit far less efficient than bovine PrPC.

Ovine BSE-driven conversions. Surprisingly, altered convert-
ibility profiles were observed for ARQ/ARQ sheep-derived BSE
(ovBSE-ARQ) (Fig. 1), which converted sheep ARQ and bovine
PrPC equally well (compare the first image in Fig. 3B with that in
Fig. 3A). The conversion profile seems to represent a merger of the
susceptible features of these profiles of both sheep scrapie ARQ
and cow BSE (reflected by the highly efficient conversions of ARQ
as well as bovine PrPC), while also showing an increased but rela-
tive limited conversion of ARR. The conversion in absolute effi-
ciencies of ARR by ovBSE-ARQ was higher than observed for
scrapie ARQ/ARQ or cow BSE (Fig. 3). The ovBSE-ARQ-driven
relative conversion efficiency of bovine PrPC was significantly dif-
ferent (P � 0.05) from a sheep scrapie-driven conversion. Fur-
thermore, the bovine BSE-driven conversions of sheep ARQ PrPC

were significantly different from the conversions driven by
ovBSE-ARQ (P � 0.001). It should be noted that there was con-
siderable difference between the absolute conversion efficiencies
induced by the two different ARQ-derived ovBSE variants (from
oral inoculation). However, after normalization, relative conver-
sion efficiencies were highly reproducible for all measured PrPC

variants within one substrate panel.
For study of transmission of cow BSE to VRQ/VRQ sheep, only

a single animal TSE isolate was available. To compensate for ex-
perimental variation, three different homogenates from the same
tissue source were used for PMCA experiments on the four PrPC

variants (therefore, n � 3 per PrPC variant). Compared to VRQ/
VRQ scrapie, ovBSE-VRQ (Fig. 1) also yielded an altered conver-
sion profile (Fig. 3B, second image). In addition, when comparing
the two types of ovBSE agent variants (ovBSE-ARQ and ovBSE-
VRQ), the genetic background of the sheep—where the ovBSE

agent originated from (ARQ versus VRQ, respectively)—also ap-
peared to have its effect on the molecular conversion profile, re-
spectively, driving either the ARQ or VRQ PrPC reaction more
efficiently (Fig. 3B, first or second image, respectively). Both vari-
ants, however, exerted a strikingly efficient conversion of bovine
PrPC as well contrasting them from the classical scrapie variants.

PMCA of BSE agent variants from sheep and cow transmis-
sion and cow back-transmission. Within this study, a variety of
sheep- and cow-derived BSE agent isolates were used (Fig. 1).
These isolates and strains include “naturally occurring” cow BSE
agent isolates as well as some rare experimentally generated ovBSE
agent variants. In addition, it was assessed what would happen to
the conversion profiles for ovBSE-ARQ when back-transmitted
into cattle (bov-ovBSE-ARQ) compared to a cow BSE agent from
i.c. challenged animals (Fig. 1). Even though only a single trans-
mission could be performed for both isolates, the incubation pe-
riod was slightly shorter than that of a transmission with cow BSE
within the same experimental setup (652 days compared to 777
days, respectively). From these two BSE back-into-cattle trans-
missions, three different homogenates from the same isolate were
investigated for PMCA combined with the various PrPC variants
(totals, n � 3 per variant on the animal level but n � 9 on the total
experimental level). Natural and i.c. challenged cow BSE pro-
duced similar conversion profiles (data not shown), but the con-
version profile of bov-ovBSE-ARQ (Fig. 3B, third image) was dif-
ferent from that of ovBSE-ARQ as well as the cow BSE agent
variant. It thus appeared that the profile of bov-ovBSE-ARQ re-
stored features of the natural cow BSE profile. This was also re-
flected by the statistics in which the bov-ovBSE-ARQ variant was
not significantly different from either ovBSE-ARQ or the cow BSE
agent for any of the tested PrPC variants (P � 0.1 for all). The
conversion profile of bov-ovBSE-ARQ correlated best with
bovBSE (Pearson coefficient [r] � 0.967; P � 0.001) but also with
ovBSE-ARQ (r � 0.927; P � 0.01), while all other conversion
profiles did not show any clear correlation (r � 0.8; P � 0.1).

Conversion potency of ovine BSE. The relative (normalized)
conversion profiles demonstrated the differential convertibility of
various PrPC variants for each TSE agent type. However, the
ovBSE-ARQ variant was the only TSE agent type having a signif-
icant increase in potency to convert almost any sheep and cattle
PrPC variant (albeit limited for the less susceptible ARR PrPC).
Therefore, all the conversion ratios of each PrPC variant (includ-
ing ARR) per type of PrPSc used were combined in a whisker plot
(Fig. 5). From Fig. 5 it is clear that the three independent ovBSE-
ARQ isolates demonstrated a high potency to convert any PrPC.
This is significantly different for any comparison of ovBSE-ARQ
with any of the other PrPSc isolates (P � 0.001), even taking into
account the large spread in the data due to individual PrPSc isolate
differences and due to the inclusion of the poorly converting ARR
variant.

DISCUSSION

PMCA has a different conversion principle than denatured cell-
free conversion (thereby allowing potential prion adaptation). It
quantitatively confirms some of the earlier established PrP con-
version profiles of classical sheep scrapie and cow BSE in vitro.
These profiles correlate with known in vivo transmissibility and
susceptibility in the two ruminant species. Strain-specific molec-
ular signatures, like its molecular weight after protease digestion,
were maintained. Furthermore, both ovine BSE agent isolates

FIG 4 Correlation of the two in vitro PrP conversion systems. Conversion
efficiencies are shown on a relative scale of the Gdn-HCl-based or the PMCA
conversion system. A clear correlation exists between the Gdn-HCl and PMCA
system for both scrapie types as well as cow BSE. Data for the scrapie-driven
Gdn-HCl system came from Bossers et al. (13). Every measurement consisted
of at least three independent conversion reactions.
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from ARQ and VRQ sheep demonstrated a conversion profile in
which the efficient transmissions to both sheep and bovine PrP
variants were maintained. Our data reveal that ovBSE-ARQ dis-
plays a significant increase in virulence as reflected by an increased
conversion potency for all PrPC allelic variants studied (ovine
VRQ, ARQ, and ARR as well as bovine PrP).

The observed increased conversion efficiency of the ARQ-de-
rived ovine BSE agent in a variety of sheep PrP genotypes and
cattle recipients is in agreement with data for BSE transmissions
into bovinised, porcinized, or humanized PrP transgenic mice
(31, 32, 57–59). These bioassay data show that sheep-passaged
BSE can transmit efficiently in bovinized mice with stable incuba-
tion times between serial passages (31) and can be more readily
transmitted to human transgenic mice (32, 57). Our data clearly
add that the ARQ-derived ovine BSE transmits to other hosts (in
our case, cattle) with efficiencies similar to that of within-species
transmissions. This increased efficiency seems comparable to the
measured effect that sheep-derived BSE agent titers were compa-
rable as determined in two different hosts, ARQ sheep and RIII
mice (60). Finally, the conversion of the sheep ARR PrPC was also
significantly increased (Fig. 3B and 5), which seems in agreement
with efficient intracerebral and intraperitoneal infections of ARR/
ARR sheep with the ovBSE agent (60). Furthermore, similar ob-
servations can be made from transmissions depicted in Fig. 1,
where the incubation period of bovine BSE to cattle tended to be
longer than the back-transmission of ARQ-derived ovine BSE into
cattle. Even though that these transmission data need to be con-
sidered with care due to the single animal examples used in these
expensive studies, they display the same trend of loss of virulence
after back-transmission into cattle (Fig. 3B and Fig. 5). This is in
agreement with data for ovine BSE agent passage directly in trans-
genic humanized mice compared with data for first passing it
through bovinized transgenic mice, restoring the human species
barrier (57). Probably the primary bovine amino acid sequence of
PrP directs the ovine BSE strain back into the classical BSE con-
former and/or the bovine PrP sequence somehow specifically se-
lects from a quasispecies mixture of conformers of the classical
BSE agent type. It is probable that host factors other than the PrP
structure play a role in such selection.

It is generally accepted that prion protein conversion studies,

similar to transgenic-mouse studies, resemble the trend of incu-
bation periods in intracerebral inoculations, and that for sheep
(and some other species) they also seem to be biologically relevant
for oral and natural transmission routes (61, 62). Even though
PrPSc accumulation in the brain is considered the prime indicator
for successful TSE agent spread, other peripheral organs like the
liver, spleen, and gut can also significantly contribute to agent
spread (2, 59, 63). In this study, all materials had a natural origin
or were experimentally generated by oral or intracerebral inocu-
lation. We were also able to generate some preliminary PMCA
data demonstrating the absence of potential differences in infec-
tion routes as well as the absence of a potential difference in pri-
mary versus serial passages of ovine BSE. These isolates, a serial
passage of an ARQ-derived ovine BSE agent (designated ovBSE-
ARQ_2) and a primary passage of a cow BSE agent to ARQ/ARQ
sheep by the intracerebral instead of the oral route designated
ovBSE-ARQ_i (Fig. 1), gave conversion profiles similar to those of
the materials coming from primary oral passage of BSE into ARQ/
ARQ sheep (data not shown). Neither of these two isolates was by
PMCA thus far statistically significantly different in Pearson cor-
relation tests from the orally transmitted BSE agent. This could be
expected since it has been demonstrated that specific diagnostic
features characteristic for BSE in sheep remain conserved over at
least three serial passages in sheep (21).

We observed the preservation of the specific molecular weight
signatures of the isolates but noticed that for BSE-derived isolates,
the PMCA was slightly more efficient in nonglycosylated species.
This is probably a characteristic feature for BSE transmission in
heterologous hosts itself rather than an in vitro artifact, since
transmission experiments using BSE-derived strains in transgenic
mice also favored less glycosylated PrP isoforms (58).

In vitro cell-free conversion efficiencies have been demon-
strated to inversely correlate with natural or experimental scrapie
or BSE transmission incubation times in sheep of homozygous or
heterozygous PrP genotypes (64, 65). Extrapolating relative sus-
ceptibilities to homozygous counterparts from these measure-
ments using heterozygous animals might be risky since one allelic
variant might contribute more or less significantly to the conver-
sion process. This is demonstrated by, for instance, experimental
transmission studies of VRQ scrapie (SSBP/1) to VRQ/VRQ,
VRQ/ARQ, VRQ/ARR, ARQ/ARQ, and ARR/ARR animals where
all VRQ carriers succumb to disease with a clear inverse correla-
tion and a short (170 to 364 days) incubation time (9). However,
the homozygous counterparts of the susceptible heterozygous an-
imals (ARQ/ARQ for VRQ/ARQ and the ARR/ARR for VRQ/
ARR) did not succumb to disease at all at incubation times exceed-
ing 1,200 days, suggesting a complex interplay of each of the allelic
contributions in the PrP conversion and disease process, where it
has been demonstrated that PrP heterozygosity by itself can even
be a protective factor (17, 66). In another study, it was also dem-
onstrated that transmission of ARQ-derived scrapie has different
kinetics than VRQ-derived scrapie when transmitted to either ho-
mozygous or heterozygous (ARQ or VRQ) recipients (67). In
PrPres ARQ/ARR sheep with natural scrapie or experimental BSE
PrPres, the ARQ/ARR ratio appeared differently expressed, indi-
cating that strain differences can influence allelic involvement in
prion formation (68). Not every PrP allelic variant-negative sub-
strate can be freshly stored routinely mostly due to their rare pres-
ence in the population, thereby restricting studies involving many
(rare) PrP allelic variants. For such studies, alternate sources from,

FIG 5 Whisker plot demonstrating the high conversion rates obtained using
ovBSE-ARQ compared to all other TSE agent types. Indicated are the median
nonnormalized conversion ratios of all PrPC variants (VRQ, ARQ, and bovine
but also ARR) subjected to conversion by a particular TSE agent isolate type
(vertical axis).
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for instance, transgenic mice or transformed cell lines might be
more beneficial (study in progress).

Within this study, we tried to fine-tune parameters and use a
PrP conversion system that generates physiologically relevant
data. Incubation time series ensured that measurements were per-
formed under conditions that allowed the assessment of conver-
sion efficiency differences without the risk of complete substrate
depletion or reaction saturation. These conditions were, however,
not the conditions that produced the highest conversion ratios.
Higher conversion ratios could be obtained by adding, for in-
stance, poly(A) to the reaction mixture (45). In our experiments,
we found that adding poly(A) completely abolished species and
polymorphism specificity (data not shown). Probably it modifies
conditions such that they resemble conditions, for instance, sim-
ilar to the conditions of the QuIC PrP conversion system that is
deliberately deprived of species and polymorphism specificity (38,
44). The removal of any strain and species specificity is useful for
sensitive routine diagnostics but not for species barrier measure-
ments, for which such specificity should be retained.

Another way to significantly improve the conversion efficiency
(up to 106-fold improvement) is by using serial PMCA (sPMCA)
(69). We were also able to increase the absolute conversion ratio of
the current system to allow detection of PrPSc after at least 106-fold
dilutions of sheep scrapie inoculum. Even though we did see spe-
cies specificity being preserved when using sPMCA over at least 3
rounds, relative conversion ratios altered after more than 4 or 5
rounds in sPMCA, especially for the combinations of TSE donor
and recipient that are known to allow some adaptation in vivo
during experimental serial transmission of isolates in transgenic
mice (subject of future studies). This potential adaptation within
multiple rounds of PMCA opens up experiments to study biolog-
ically relevant TSE adaptation in vitro, pushing assessments to the
very limit. This adaptation has been demonstrated to occur, for
instance, for hamster and mouse as well as for chronic wasting
disease prions. In the last case, adaptation for certain types of TSE
donor and recipient combinations only required three to six
rounds of PMCA (52, 70). Future studies of sPMCA utilizing the
“resistant” ARR PrP allelic variant of sheep that is currently used
to genetically control natural scrapie in sheep in Europe might
elucidate whether some TSE agent might be more prone to adapt
to this particular PrP genotype in sheep.

Our study focused primarily on readily transmittable classical
TSE agent types for both the natural scrapie from sheep and BSE
agent isolates from cattle. The nonnatural isolates we used are the
ones originating from the experimental transmissions as de-
scribed for Fig. 1. Future studies should assess the effects of, for
instance, the recently discovered L-type or H-type forms of BSE.
Due to the limited availability of such materials, and the costs to
generate such materials experimentally, only some preliminary
data could be generated for two atypical scrapie agent isolates
(data not shown). One isolate from an ARR/ARR (so-called resis-
tant) sheep and two isolates from atypical scrapie type Nor98
(atypical scrapie is usually limited to single index cases in flocks,
contrasting classical scrapie transmissions). The ARR scrapie-
driven conversion reactions were very inefficient, and the gener-
ated conversion profile (that included additional concentration
steps by centrifugation) resembled mostly that of ARQ scrapie.
The preliminary results of the Nor98-driven conversion reactions
were initially all negative for the standardize conditions we have
used in our system as described in the current paper; however, by

significantly lowering the PK conditions, we could generate some
preliminary data for the conversion of mainly those variants that
are associated with Nor98 susceptibility (namely, the sheep PrP
ARQ and AHQ alleles). The AHQ allelic variant was not further
assessed in this study, but previous conversion studies demon-
strated an inefficient conversion of AHQ using classical scrapie
agent isolates, albeit not as inefficient as that with the resis-
tance-associated ARR PrP allelic variant (13). Since we needed
to modify the conversion and analysis conditions at several
points, the data should be interpreted with care since no full
correlation study of atypical scrapie has been performed using
those new conditions yet.

Since sheep ARR was limitedly, but clearly, converted by the
ovine BSE agent (Fig. 3B, first image, lanes 1 and 2), it remains a
critical question what impact these slightly elevated ARR conver-
sion rates have on, for instance, scrapie control programs based on
selective breeding for ARR. Even though PMCA using various
ovine and bovine isolates did clearly demonstrate that biologically
relevant conversion and/or adaptation data were generated, it still
reflects at best experimental intracerebral transmissions, which
are generally far more efficient than oral transmissions or trans-
missions under natural conditions. Under natural conditions, the
limited conversion of ARR might easily prolong the incubation
time beyond the normal commercial life span of sheep. Further-
more, it might be expected that the limited conversion of ARR PrP
will reflect only a limited susceptibility under field conditions,
even for a potent BSE strain in sheep. Whether and when BSE
might transmit spontaneously to sheep remains to be established,
as well as the potential impact of such a transmission for human
health from animal and animal-derived products. The level of
spread of the agent through the periphery and excreta also are
determinants of spread of infection in the field. It remains to be
seen how virulent the BSE materials would be in another small-
ruminant species, namely, goat, as reported in the few field BSE
cases in small ruminants (23, 24, 25).
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