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Statutory surveillance of bovine spongiform encephalopathy (BSE) indicates that cattle are susceptible to both classical BSE
(C-BSE) and atypical forms of BSE. Atypical forms of BSE appear to be sporadic and thus may never be eradicated. A major chal-
lenge for prion surveillance is the lack of sufficiently practical and sensitive tests for routine BSE detection and strain discrimina-
tion. The real-time quaking-induced conversion (RT-QuIC) test, which is based on prion-seeded fibrillization of recombinant
prion protein (rPrPSen), is known to be highly specific and sensitive for the detection of multiple human and animal prion dis-
eases but not BSE. Here, we tested brain tissue from cattle affected by C-BSE and atypical L-type bovine spongiform encephalop-
athy (L-type BSE or L-BSE) with the RT-QuIC assay and found that both BSE forms can be detected and distinguished using par-
ticular rPrPSen substrates. Specifically, L-BSE was detected using multiple rPrPSen substrates, while C-BSE was much more
selective. This substrate-based approach suggests a diagnostic strategy for specific, sensitive, and rapid detection and discrimina-
tion of at least some BSE forms.

Transmissible spongiform encephalopathies (TSEs), or prion
diseases, such as Creutzfeldt-Jakob disease (CJD) in humans

and bovine spongiform encephalopathy (BSE) in cattle, are fatal
neurodegenerative disorders characterized by spongiosis, neuro-
nal loss, gliosis, and abnormal deposition of host-encoded prion
protein (PrP) in the brain. The infectious agent responsible for
TSEs appears to be largely composed of a misfolded and multi-
meric form of prion protein (PrPSc), which is able to induce po-
lymerization and conformational conversion of normal protease-
sensitive prion protein (PrPSen) into PrPSc and its partially
protease-resistant forms (PrPRes) (1).

BSE and its link to variant Creutzfeldt-Jakob disease (vCJD) in
humans have raised important food safety issues. The incidence of
classical BSE (C-BSE) has decreased as a result of disease-control
programs, such as the ruminant feed ban (2). However, atypical
forms of bovine prion disease have been identified in several coun-
tries (3). These emerging bovine prion strains can be categorized
as H-type BSE (H-BSE) or L-type BSE (L-BSE or bovine amyloid-
otic spongiform encephalopathy [BASE] when amyloid plaques
are present in the brain). These atypical BSE strains are differen-
tiated biochemically by the electrophoretic mobility and glyco-
form pattern of PrPRes after proteinase K (PK) digestion (4–7).
Currently, both of these atypical bovine prion strains, which
mainly affect older animals (8), are thought to be sporadic forms
of bovine prion diseases (9) and are still rare (less than 100 cases
identified worldwide to date).

It is suspected that one of these atypical L-BSE or H-BSE strains
may have instigated the C-BSE epidemic, as suggested, for exam-
ple, by the fact that the L-BSE strain can convert to C-BSE follow-
ing serial passage in mice (5, 6, 10). Further concerns about the
atypical BSE strains have arisen from observations that nonhu-
man primates and transgenic mice expressing human PrPSen show
differing susceptibilities to C-BSE and L-BSE (11–16). Although

controversial (16), some findings suggest that L-BSE has greater
pathogenicity than C-BSE in transgenic mice and Syrian golden
hamsters (10, 17, 18). Furthermore, L-BSE prions have been
shown to be experimentally transmissible to cattle (19, 20) and
transgenic mice overexpressing bovine or human prion protein
(PrP) (21–23) with shorter incubation periods and more severe
spongiform changes than C-BSE prions. Although there is no ev-
idence of atypical bovine prion transmission to humans as yet,
these findings collectively suggest that, even as the incidence of
C-BSE wanes, it remains important to be able to monitor and
discriminate among prion strains in cattle.

In pursuit of these goals, recent studies have described in vitro
detection of C-BSE prions in brain tissue and blood by protein
misfolding cyclic amplification (PMCA), which is much more
sensitive than the direct immunoblotting that is required for the
biochemical analyses of PrPRes (24). Furthermore, PMCA can se-
lectively detect C-BSE in mixtures of brain homogenates (BHs)
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from C-BSE- and scrapie-infected sheep with 100% specificity and
97% sensitivity (25). Still, it remains important to develop highly
sensitive methods that can discriminate C-BSE from other prion
strains in cattle. Such methods should also be rapid and practical
enough for routine screening and surveillance applications. De-
velopment of these methods would reduce the risk of prion-con-
taminated meat entering the human or animal food supply.

Real-time quaking-induced conversion (RT-QuIC) assays can
rapidly detect subinfectious doses of prion seeding activity and
have been used successfully to detect multiple human, cervid,
ovine, hamster, and mouse prion strains in a variety of biological
tissues, such as cerebrospinal fluid, saliva, blood, and nasal fluid
(26–36). In RT-QuIC reactions, prion-associated seeds induce
amyloid fibril formation of bacterially expressed recombinant
PrPSen (rPrPSen) in multiwell plates. The resulting rPrP amyloid
fibrils are then detected by the enhanced fluorescence of the am-
yloid-sensitive dye thioflavin T (ThT). Here, we adapted RT-
QuIC assays to the sensitive detection and discrimination of the
C-BSE and L-BSE prion strains of cattle.

MATERIALS AND METHODS
Western blotting of cattle brain homogenates. Analyses of brain tissue
collected from two healthy cattle and nine Italian BSE-infected field cases
(Table 1), four classified as C type and five as L type, were done by Western
blotting on 150-mg (�20 mg) equivalents of each sample as described
previously (37). Briefly, each sample was separated by SDS-PAGE on 14%
polyacrylamide handmade minigels and then transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Immobilon P; Millipore, Bil-
lerica, MA) for 2 h at 60 V. The membranes were blocked with 5% bovine
serum albumin (BSA) in Tris-buffered saline (TBS) for 1 h and incubated
at 4°C overnight with monoclonal antibody 6H4 (0.9 �g/ml, epitope 144-
152, DYEDRYYRE; Prionics, Schlieren-Zurich, Switzerland). Immuno-
detection was carried out with an alkaline phosphatase conjugated goat
anti-mouse IgG (Western 2 Ab-AP; Prionics), revealed by a chemilumi-
nescent substrate (Lumi-Phos; Thermo Scientific, Waltham, MA, USA)
and visualized on Hyperfilm ECL (GE-Healthcare Ltd., St. Giles, United
Kingdom) with a 15-min exposure.

Recombinant prion protein purification. Syrian golden hamster
(residues 23 to 231 [hamster 23-231] [GenBank accession no. K02234] or
residues 90 to 231 [hamster 90-231]), human (residues 23 to 231 [human
23-231] [accession no. M13899.1]), and chimeric hamster-sheep (Ha-S;
Syrian hamster residues 23 to 137 followed by sheep residues 141 to 234 of
the R154Q171 polymorph [accession no. AY907689]) prion protein genes
were ligated into the pET41 vector (EMD Biosciences). Escherichia coli
carrying this vector was grown in Luria broth (LB) medium in the pres-
ence of kanamycin and chloramphenicol. rPrPSen expression was induced

using Overnight Express Autoinduction system 1 (Novagen) and Bug
Buster master mix (Novagen) to isolate inclusion bodies. Following solu-
bilization of the inclusion bodies in 8 M guanidinium-HCl, the denatured
protein was purified under 6 M guanidinium-HCl denaturing conditions
using nickel nitrilotriacetic acid (Ni-NTA) superflow resin (Qiagen) with
an AKTA fast protein liquid chromatography instrument (GE Health-
care). The rPrPSen was subjected to on-column refolding using a linear
gradient into phosphate buffer and then eluted using an imidazole gradi-
ent as previously described (26). The purified protein was extensively
dialyzed into 10 mM sodium phosphate buffer (pH 5.8). Then, following
filtration (0.22-�m syringe filter; Fisher), a concentration measurement
by absorbance at 280 nm was performed and the rPrPSen was stored at
�80°C.

Brain homogenate preparation and RT-QuIC protocol. Normal
(n � 2), C-BSE-infected (n � 4), and L-BSE-infected (n � 5) bovine brain
homogenates (BHs) (10%, wt/vol) were prepared as previously described
(38) and stored at �80°C. For RT-QuIC analysis, BHs were serially di-
luted in 0.1% SDS (Sigma)–N2 (Gibco)–PBS as previously reported (26).
The RT-QuIC reaction mix was composed of 10 mM phosphate buffer
(pH 7.4), 300 mM NaCl, 10 �M ThT, 1 mM EDTA, and 0.1 mg/ml of
rPrPSen. Aliquots of this mix (98 �l) were loaded into each well of a black
96-well plate with a clear bottom (Nunc) and seeded with 2 �l of 10�4 to
10�9 brain tissue dilutions. Normal bovine BH dilutions were used as
negative controls (as shown in Fig. 2 and 3), and 10�5 brain tissue dilu-
tions from hamsters with clinical scrapie were initially included as positive
controls when bovine brain samples were tested for the first time (not
shown). The plate was then sealed with a plate-sealer film (Nalgene Nunc
International) and incubated for 55 h at 42°C in a BMG Labtech FLUOstar
plate reader with cycles of 1 min of shaking (700 rpm double orbital) and
1 min of rest throughout the incubation. ThT fluorescence measurements
(excitation, 450 � 10 nm; emission, 480 � 10 nm; bottom read) were
recorded every 45 min. RT-QuIC reactions were deemed acceptable when
the negative controls remained negative for at least 55 h and the positive
scrapie (strain 263K) controls were positive within 5 h according to the
criteria described in the next paragraph.

Data analysis. RT-QuIC fluorescence readings were analyzed as pre-
viously described (28). Briefly, to compensate for differences between the
fluorescence plate readers, data sets were normalized to a percentage of
the maximal fluorescence response of the instrument, and the obtained
values were plotted against the reaction times. Samples were judged to be
RT-QuIC positive using criteria similar to those previously described for
RT-QuIC analyses of brain specimens (26, 28), except for the use of base-
line-adjusted normalized fluorescence values. A 55-h time point was cho-
sen based on multiple (n � 20) repeat runs in which no spontaneous
conversions of the substrate in negative-control seeded reactions were
observed up to the experimentally designated time point. Data are dis-
played as the average of four technical replicates except where indicated.
Where multiple biological replicates are displayed, they are represented as

TABLE 1 Epidemiological data and biochemical results from cattle

Cattle
identification Breed Age (yr) Cause of death

Western blot PrPRes

glycoform profilea

PrPSc

distributionb Main PrPSc deposition pattern

L-BSE 1 Alpine Brown 11 Slaughtered D � M FC � B Amyloid plaques
L-BSE 2 Piedmontese 15 Fallen stock D � M FC � B Amyloid plaques
L-BSE 3 Piedmontese 14 Fallen stock D � M FC � B Amyloid plaques
L-BSE 4 Holstein Friesian 13 Slaughtered D � M NAc NA
L-BSE 5 Alpine Brown 14 Slaughtered D � M FC � B Small aggregates, granular
C-BSE 1 Holstein Friesian 7 Slaughtered D � M FC � B Granular, linear tract, glial
C-BSE 2 Holstein Friesian 7 Slaughtered D � M FC � B Granular, linear tract, glial
C-BSE 3 Holstein Friesian 6 Slaughtered D � M FC � B Granular, linear tract, glial
C-BSE 4 Pezzata Rossa 6 Slaughtered D � M FC � B Granular, linear tract, glial
a D, diglycosylated band; M, monoglycosylated band.
b FC, frontal cortex; B, brainstem.
c NA, not available.
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the mean � the standard deviation. At pertinent time points, the signals
were analyzed for statistical significance using a two-tailed unpaired t test
with Welch’s correction.

RESULTS
Immunoblot profile of PrPRes in brains from Italian C-BSE- and
L-BSE-infected cattle. To develop RT-QuIC conditions for the
detection of C-BSE and L-BSE, we used brainstem and frontal
cortex brain samples, respectively, from four C-BSE-infected and
five L-BSE-infected Italian cattle. To first confirm that the C-BSE-
and L-BSE-infected samples differed as expected in the PrPRes

banding pattern after proteinase K (PK) treatment, we performed
Western blot analysis on all of these samples (Fig. 1A and B).
Consistent with previous reports (4), C-BSE-infected brain sam-
ples showed the typical predominance of the highest-molecular-
mass glycoform, while the L-BSE glycotype profile had a more
prominent monoglycosylated (middle) band and an expected
overall �2-kDa downward shift of the un-, mono-, and diglyco-
sylated bands.

Detection and differentiation of C-BSE and L-BSE. Because
C-BSE causes vCJD in humans and shares most, if not all, of its
strain characteristics, we initially tried an rPrPSen substrate that
works well for the detection of human vCJD (33), namely, a chi-
meric form comprising an N-terminal hamster PrP domain and a
C-terminal sheep domain (Ha-S rPrPSen). C-BSE- and L-BSE-in-
fected brain homogenates were used as a source of prion seeds,
and equivalent dilutions of two uninfected brain homogenates
were used as specificity controls. Figure 2A shows the results from

RT-QuIC reactions seeded with 10�5 dilutions of five L-BSE-in-
fected and four C-BSE-infected brain samples, each of which gave
positive reactions in all of the quadruplicate reactions within 55 h.
The average fluorescence increase was stronger and faster for the
L-BSE-infected samples, showing positive signals (P � 0.05) over
the control samples as early as 16 h, compared to the 33 h it took
for the BSE-infected samples to show positive signals. Although
the two strains exhibited distinct RT-QuIC seeded polymerization
kinetics, our results show that Ha-S rPrPSen supports detection of
C-BSE and L-BSE seeding activity (P � 0.005 and 0.0005, respec-
tively, at 55 h). Next, we investigated the RT-QuIC sensitivities for
C-BSE and L-BSE using Ha-S rPrPSen. Figure 2B shows the RT-
QuIC endpoint dilution analysis of two representative C-BSE-
and L-BSE-positive brain samples. We saw positive reactions with
C-BSE-infected and L-BSE-infected brain tissue dilutions down
to 10�6 and 10�7, respectively.

To explore the relative abilities of C-BSE and L-BSE prion
strains to initiate polymerization of other rPrPSen substrates, we
tested human 23-231, hamster 23-231, and hamster 90-231
rPrPSen substrates (Fig. 3A). RT-QuIC reactions were seeded with

FIG 1 Western blots of brain stem and frontal cortex samples from normal,
C-BSE-infected, and L-BSE-infected cattle. (A) Two brain samples from nor-
mal cattle (NBH) were subjected to immunoblotting without proteinase K
(PK) digestion (NBH �PK lanes). The same two brain samples from healthy
cattle along with two brainstem specimens from C-BSE-positive and two fron-
tal cortex samples from L-BSE-positive cattle were PK digested as described in
Materials and Methods (NBH, C-BSE, and L-BSE 	PK lanes). (B) Homoge-
nized brainstem specimens from four C-BSE-positive and frontal cortex sam-
ples from five L-BSE-positive cattle were treated with proteinase K (PK) and
subjected to immunoblotting using monoclonal antibody 6H4 (epitope within
PrP residues 144 to 152). MM, molecular mass (in kilodaltons). The data are
representative of multiple immunoblots of these specimens.

FIG 2 RT-QuIC sensitivity for C-BSE and L-BSE detection. (A) L-BSE-in-
fected (magenta), C-BSE-infected (blue), or normal negative control (NBH,
green) 10�5 brain tissue dilutions were used to seed quadruplicate RT-QuIC
reactions using the Ha-S rPrPSen substrate. Average ThT fluorescence readings
from the quadruplicate reactions for each case were determined and then, in
turn, averaged (�SD) over the designated number of cattle in each group.
Color-matched dashed lines indicate the time at which the signal from a given
sample became significantly greater than the control. Brackets signify the dif-
ference between the test groups and the control at the 55-h endpoint. *, P �
0.05; **, P � 0.005; ***, P � 0.0005. Comparable data were obtained in two
additional independent RT-QuIC tests done on different days and plate read-
ers (28). (B) Serial dilutions (10�5 to 10�9) of C-BSE-infected or L-BSE-in-
fected brain tissue or a 10�5 dilution of uninfected brain tissue were used to
seed quadruplicate RT-QuIC reactions with Ha-S rPrPSen as the substrate. The
data show the average ThT fluorescence of 4 replicate wells. Similar results
were obtained from two additional C-BSE-infected and two additional L-BSE-
infected brain specimens (not shown). Each ThT reading is indicated as the
percentage of the maximum value achievable by the plate readers (see Materi-
als and Methods) as a function of reaction time.

BSE and L-BSE RT-QuIC Assays
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10�5 C-BSE- or L-BSE-infected brain tissue dilutions and incu-
bated for 55 h using the same experimental conditions described
for Ha-S rPrPSen. All three substrates resulted in positive RT-QuIC
reactions with the L-BSE seed, with Ha rPrPSen 90-231 giving the
fastest response. Conversely, C-BSE was unable to seed conversion
of any of these three rPrPSen substrates under these conditions.

Because stronger and faster RT-QuIC responses were seen with
Ha rPrPSen 90-231 (Fig. 3A), we used this substrate to test all four
C-BSE-infected and five L-BSE-infected brain samples previously
analyzed with Ha-S rPrPSen substrate (Fig. 2A). Our results con-

firmed that all of the L-BSE-infected brain samples induced fibril-
lization of Ha rPrPSen 90-231 with an average lag phase of �13 h,
while none of the C-BSE-infected brain samples gave positive re-
actions within 55 h (Fig. 3B). To investigate the minimum differ-
ence in sensitivity for the C-BSE- and L-BSE-infected brain tissues
using this substrate, we seeded RT-QuIC reactions with 10�4 to
10�8 dilutions of L-BSE- or C-BSE-infected brain tissue. Whereas
we observed the L-BSE strain in reactions with as little as 10�7

dilutions of brain tissue, we failed to detect the C-BSE strains even
at the most concentrated homogenates tested (i.e., 10�4 [data not
shown, and Fig. 3C]). These findings indicate that Ha rPrPSen

90-231 is at least 10,000-fold more sensitive for detecting L-BSE
seeding activity than for detecting C-BSE, and L-BSE can be dis-
tinguished from C-BSE within 21 h (P � 0.05). Taken together,
these findings indicate that by using appropriate substrates, the
RT-QuIC assay can rapidly detect and discriminate C-BSE and
L-BSE strains.

DISCUSSION

Although active and passive surveillance programs implemented
by the European Union have led to significant decreases in the
incidence of C-BSE, the recent identifications of atypical bovine
(4, 7) and ovine prion strains (39) pose new concerns for the safety
of livestock and the food supply. Current knowledge of the ori-
gins, pathogenesis, and environmental spreading mechanisms of
these atypical BSE strains is limited. Thus, there are concerns that
precautions that are presently taken to minimize the risk of prion
contamination of the food supply might not be as effective at
preventing the spread of these recently recognized strains. Conse-
quently, as stated recently by the European Food Safety Authority
(EFSA), there is a need for sensitive, fast, practical, and strain-
specific prion detection techniques. Furthermore, regulation (EC)
no. 999/20015 was amended to require that, beginning in July
2014, samples from BSE-positive cattle be submitted for TSE clas-
sification by Western blotting and immunohistochemistry (40).

Our findings indicate that by using the Ha-S rPrPSen substrate,
RT-QuIC assays can sensitively detect both C-BSE- and L-BSE-
associated seeding activity in less than 48 h. A systematic compar-
ison of the European Union-approved rapid tests used for surveil-
lance showed that the IDEXX HerdChek BSE-scrapie short assay
is the most sensitive test for all BSE forms (41). However, our
studies indicate that using Ha-S rPrPSen as the substrate, the RT-
QuIC test is at least 104-fold more sensitive than the IDEXX en-
zyme-linked immunosorbent assay (ELISA) for the detection of
C-BSE- and L-BSE-infected brain tissue. Our detection of 106-fold
dilutions of C-BSE-infected brain tissue and 107-fold dilutions of
L-BSE-infected brain tissue makes our RT-QuIC test at least as
sensitive as infectivity bioassays (42). Furthermore, our observa-
tion that human 23-231, hamster 23-231, and hamster 90-231
rPrPSen substrates selectively allowed L-BSE but not C-BSE detec-
tion might be exploited as a sensitive and practical approach to
prion strain discrimination. However, while detection with these
substrates would allow the exclusion of C-BSE, it may not dis-
criminate between L-BSE and H-BSE based upon the choice of
substrate. Further studies will be required to assess this possibility.
In any case, the ability to discriminate between C-BSE and L-BSE
based on RT-QuIC substrate provides a prototypic example of
how prion strains can have different seeding activities that may, in
turn, help with strain identification. This new strategy may have
important implications for TSE surveillance and might in the long

FIG 3 RT-QuIC for L-BSE versus C-BSE strain discrimination. (A) L-BSE-
infected, C-BSE-infected, and uninfected (NBH) 10�5 brain tissue dilutions
were used to seed quadruplicate RT-QuIC reactions. Hamster 23-231, hamster
90-231, or human 23-231 rPrPSen were used as the substrates. (B) Averaged
(�SD) RT-QuIC responses from 10�5 brain tissue dilutions of all of the L-
BSE- and C-BSE-infected brain samples using hamster 90-231 PrPSen as a
substrate. Dashed lines, the time at which the signals from L-BSE- and C-BSE-
infected samples became significantly different; brackets, the difference be-
tween the L-BSE and C-BSE test groups at the 55-h endpoint. *, P � 0.05; **,
P � 0.005. As in Fig. 2A, the data points are averages of the average readings
from quadruplicate reactions run on each specimen with normalization as
described in Materials and Methods. Similar results were obtained in three
additional repeat experiments performed with these samples. (C) Serial dilu-
tions (10�5 to 10�8) of C-BSE- or L-BSE-infected brain tissue or a 10�5 dilu-
tion of uninfected brain tissue were used to seed RT-QuIC reactions using Ha
(90-231) rPrPSen as the substrate. Each data point shows the ThT fluorescence
average of 4 replicate wells. All ThT readings are indicated as a percentage of
the maximum value achievable by the plate readers.
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run eliminate the need for follow-up strain identification by im-
munoblotting.

The reasons behind the differential RT-QuIC seeding perfor-
mance of C-BSE and L-BSE strains remain unclear. Presumably,
differences in their molecular conformation and/or aggregation
state influence their relative abilities to interact with specific prion
protein sequences (i.e., Ha-S rPrPSen) and not with others (i.e., Ha
90-231 rPrPSen). We note that the ability of L-BSE to induce fibril-
lization of multiple types of prion proteins (e.g., human and ham-
ster) is reminiscent of the relatively promiscuous sporadic CJD
RT-QuIC seeding capacity that has been described by us and oth-
ers (27–29, 31, 33, 43). This sporadic CJD-like RT-QuIC seeding
competence of the L-BSE strain is also consistent with the molec-
ular similarities between type 2 sporadic CJD and L-BSE PrPRes

that have been described by Casalone et al. (4). Additional studies
on a larger number of animals are necessary to confirm the prac-
tical value and applicability of the assay. Furthermore, testing of
other atypical bovine prion strains (e.g., H-type BSE) and ovine
prion strains (e.g., Nor 98) would be of interest. Nevertheless, our
findings so far show promise for the application of the RT-QuIC
assay to the fast and sensitive detection and discrimination of
prion seeding activity from different bovine strains.
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