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Prion diseases of cattle include the classical bovine spongiform encephalopathy (C-BSE) and the atypical H-type BSE (H-BSE)
and L-type BSE (L-BSE) strains. Although the C- and L-BSE strains can be detected and discriminated by ultrasensitive real-time
quaking-induced conversion (RT-QuIC) assays, no such test has yet been described for the detection of H-BSE or the discrimina-
tion of each of the major bovine prion strains. Here, we demonstrate an RT-QuIC assay for H-BSE that can detect as little as 10�9

dilutions of brain tissue and neat cerebrospinal fluid samples from clinically affected cattle. Moreover, comparisons of the reac-
tivities with different recombinant prion protein substrates and/or immunoblot band profiles of proteinase K-treated RT-QuIC
reaction products indicated that H-, L-, and C-BSE have distinctive prion seeding activities and can be discriminated by RT-
QuIC on this basis.

Many mammalian species can be afflicted with prion diseases
or transmissible spongiform encephalopathies. Prion dis-

eases are neurodegenerative, transmissible, untreatable, and fatal
(reviewed in references 1 and 2). The underlying pathogenesis of
prion diseases involves the conversion of the host’s normal prion
protein, PrPC, to abnormal forms that are usually more protease
resistant, multimeric, and insoluble. The multimeric and insolu-
ble forms have been generically called PrPSc (PrP-scrapie), or
more functionally PrPRes (protease resistant) and PrPD (disease
associated). At least some of these forms comprise the transmissi-
ble agent or prion (3–10). Multiple prion strains can be propa-
gated within a given host species, giving consistently different clin-
ical, pathological, and molecular phenotypes (11–16).

The first prion disease to be recognized in cattle was classical
bovine spongiform encephalopathy (C-BSE). C-BSE was likely
caused primarily by widespread prion contamination of cattle
feed (17). After peaking in the early 1990s, the incidence of C-BSE
has now been greatly reduced by regulatory measures that limit its
horizontal spread. C-BSE is the only known zoonotic prion dis-
ease, having caused variant Creutzfeldt-Jakob disease (vCJD) in
humans who presumably consumed contaminated beef. Al-
though new clinical cases of vCJD are rare (http://www.cjd.ed.ac
.uk/documents/figs.pdf), a recent survey of appendices in the
United Kingdom suggests a high incidence of subclinical vCJD
infections, at �1:2,000 of the population born between 1941 and
1985 (18).

Since the C-BSE epidemic, two atypical strains of BSE, H-type
BSE (H-BSE) and L-type BSE (L-BSE), have also been identified in
cattle. PrPRes is usually composed of a mixture of glycosylated and
unglycosylated molecules, and the various BSE strains can be dif-
ferentiated biochemically using Western blotting of postmortem
brain tissue samples by comparing the proteinase K (PK)-treated
PrPRes banding patterns (19–22). The H and L types of BSE are
classified by their respective high and low apparent molecular
masses of the unglycosylated PrPRes band. These atypical BSE
strains, which are rare (�100 cases identified worldwide), tend to

affect older animals (23) and appear to represent sporadic forms
of bovine prion diseases (24). Despite the apparent rarity of the
various types of BSE, the facts that H- and L-BSE appear to arise
spontaneously and have distinct transmissibilities (20, 25–32)
make it important to be able to detect and differentiate them to
reduce the risk of transmission to cattle or other species, such as
humans.

Several in vitro methods have been developed to detect C-, L-,
and H-BSE. Commercially available rapid immunochemical tests
for PrPD can, in the best cases, give positive responses from 10�3 to
10�4 dilutions of postmortem brain tissues with high levels of
PrPD (33, 34). Immunoblotting for PrPRes can detect BSE-infected
tissues with similar sensitivity and also discriminate between the
bovine strains based on the relative electrophoretic migration and
glycoform ratios of the PrPRes bands (19–22). A more sensitive
conformation-dependent immunoassay (CDI) has also been de-
scribed for C-BSE, which has a sensitivity similar to that of end-
point dilution bioassays in a line of transgenic mice expressing
bovine PrP [Tg(BoPrP�/�)4092-Prnp0/0], that is, with 50% posi-
tive responses at C-BSE brain dilutions of �10�5 (35). Another
line of “bovinized” transgenic mice has been reported to be 5- to
10-fold-more sensitive in detecting dilutions of BSE brain tissue
(36). Still more-sensitive protein-misfolding cyclic amplification
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(PMCA) assays have also been developed for C-BSE in cattle,
which can detect brain tissue dilutions down to 10�10 (37–39).
However, these PMCA assays require 4 to 8 days for this level of
sensitivity and are more technically demanding than is optimal for
routine diagnostic purposes.

Previous efforts to improve the practicality and performance of
testing for bovine prions led to the adaptation of a highly sensitive
and specific assay called real-time quaking-induced conversion
(RT-QuIC) for the detection and discrimination of C-BSE and
L-BSE (40). RT-QuIC is based upon the prion-seeded assembly of
protease-sensitive recombinant PrPC (rPrPSen) into thioflavin T
(ThT)-positive amyloid fibrils (41, 42). The reactions are per-
formed in multiwell plates that are intermittently shaken in a fluo-
rescence plate reader, providing a relatively high-throughput and
feasible system for prion disease diagnosis. Here, we describe ul-
trasensitive RT-QuIC assays for detecting H-BSE and for discrim-
inating all three of the bovine BSE strains.

MATERIALS AND METHODS
Ethics statement. The brain tissue and cerebrospinal fluid (CSF) samples
from cattle experimentally inoculated intracerebrally with either the C-,
L-, or H-BSE prion strain were obtained from the National Institute of
Animal Health (NIAH), National Agriculture and Food Research Orga-
nization (NARO), Japan (25, 43, 44). These samples were collected at the
terminal stage of disease (C-BSE, 22.5 months postinoculation; L-BSE,
16.2 months postinoculation; and H-BSE, 18.7 months postinoculation),
in accordance with the regulations outlined in Guide for the Care and Use
of Laboratory Animals of the NIAH (62) and Guidelines for Proper Conduct
of Animal Experiments of the Science Council of Japan (63). Procedures
involving animals were approved by the Institutional Animal Care and
Use Committee at the NIAH (approval numbers 10-005, 11-008, and
13-005).

Western blot analysis of PrPRes from C-, L-, or H-BSE-affected cat-
tle. Brain tissue (cortex) samples from uninfected, C-, L-, or H-BSE-
affected cattle were homogenized (20% concentration [wt/vol]) in phos-
phate-buffered saline (PBS) using a multibead shocker (Yasui Kikai). The
brain homogenates (125 �l) were mixed with an equal volume of buffer
containing 4% (wt/vol) Zwittergent 3-14 (Calbiochem), 1% (wt/vol)
Sarkosyl, 100 mM NaCl, and 50 mM Tris-HCl (pH 7.6) and incubated
with 1 mg/ml collagenase at 37°C for 1 h. Next, the samples were subjected
to PK (Roche Diagnostics) digestion (40 �g/ml) at 37°C for 1 h. PK di-
gestion was terminated with Pefabloc (Roche Diagnostics). The samples
were mixed with an equal volume of a 2-butanol–methanol mixture (5:1)
and centrifuged at 20,000 � g for 10 min. The pellets were resuspended in
gel-loading buffer containing 2% (wt/vol) SDS and boiled for 10 min
prior to loading the gel. The samples were separated by SDS-PAGE (12%
acrylamide) and transferred onto a polyvinylidene difluoride (PVDF)
membrane (Millipore). The membrane was then incubated with horse-
radish peroxidase (HRP)-conjugated monoclonal antibody (MAb) T2 at a
1:5,000 dilution (45). Fluorescence signals were detected by incubating
the membrane with a chemiluminescent reagent (SuperSignal; Pierce Bio-
technology).

Recombinant prion protein expression and purification. rPrPSen

substrates were prepared, as previously described (46). Briefly, the PrP
sequence for bank vole (BV) (residues 23 to 230, methionine at residue
109 [M109], GenBank accession no. AF367642; residues 23 to 230, isoleu-
cine at 109 [I109]; and residues 90 to 230, M109), Syrian golden hamster
(Ha) (residues 23 to 231, GenBank accession no. K02234; and residues 90
to 231), mouse (residues 23 to 231, GenBank accession no. M13685),
sheep (Sh) (residues 25 to 234, ARQ, [alanine at 136 {A136}/arginine at 154
{R154}/glutamine at 171 {Q171}], GenBank accession no. AY907689; VRQ
[valine at 136 {V136}/R154/Q171], GenBank accession no. AJ567988.1; ARR
[A136/R154/R171]), human (Hu) (residues 23 to 231, methionine at 129
[M129]), human-bank vole chimera (Hu-BV) (human residues 23 to 165,

followed by bank vole residues 166 to 230, M109), and a hamster-sheep
(Ha-S) chimera (Syrian hamster residues 23 to 137, followed by sheep
residues 141 to 234 of the R154/Q171 polymorph, GenBank accession no.
AY907689) were amplified and ligated into the pET41 vector (EMD Bio-
sciences), and the sequences were verified. Vectors were transformed into
Escherichia coli Rosetta(DE3) and were grown in Luria broth medium in
the presence of kanamycin and chloramphenicol. Protein expression, pu-
rification, and refolding were performed, as previously described (46, 47).
The eluted protein was extensively dialyzed into 10 mM sodium phos-
phate buffer (pH 5.8) and then filtered with a 0.22-�m syringe filter
(Fisher) and stored at �80°C until use. Protein concentration was deter-
mined by measuring the absorbance at 280 nm.

Brain homogenate preparation for RT-QuIC. Brain homogenates
(BH) (10% [wt/vol]) were prepared, as previously described (41), and
stored at �80°C. For RT-QuIC analysis, brain homogenates were serially
diluted in 0.1% SDS-N2 (Gibco)-PBS, as previously reported (48); where
indicated, the last dilution was performed in 0.05% SDS-N2-PBS.

RT-QuIC analysis. RT-QuIC reactions were performed as previously
described (41). The RT-QuIC reaction mixture was composed to give
final reaction concentrations of 10 mM phosphate buffer (pH 7.4), 300
mM or 130 mM NaCl, 10 �M thioflavin T (ThT), 1 mM EDTA, 0.1 mg/ml
rPrPSen, and 0.002% or 0.001% SDS. A volume of this mixture (98 �l for
BH or 80 �l for CSF) was loaded into each well of a black 96-well plate
with a clear bottom (Nunc) and seeded with 2 �l of BH dilution or 20 �l
of CSF. Uninfected bovine BH dilutions or CSF samples were used as
negative controls. The plate was sealed with a plate sealer film (Nalge
Nunc International) and incubated at either 42°C or 55°C for 40 to 90 h in
a BMG FLUOstar Omega 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 taken every 45 min. The RT-QuIC data were
analyzed as previously described (49). Briefly, to compensate for differ-
ences between the fluorescence plate readers, data sets from replicate wells
were averaged and normalized to a percentage of the maximal fluores-
cence response of the instrument, and the obtained values were plotted
against the reaction times. Samples were judged to be RT-QuIC positive
using previously described criteria (47). The data are displayed as the
averages and standard deviations of the results from four technical repli-
cates, except where indicated.

SD50 calculations. The 50% seeding dose (SD50) was determined by
endpoint dilution RT-QuIC, as previously described (41). Briefly, a dilu-
tion series with at least one dilution giving 100% ThT-positive replicates
and at least one dilution giving 0% ThT-positive replicates was chosen for
Spearman-Kärber analysis. SD50 was defined as the amount giving posi-
tive ThT fluorescence in 50% of the replicate wells.

PK digestion of RT-QuIC products and Western blot analysis. PK
treatment of RT-QuIC BV rPrPSen conversion products and immuno-
blotting were performed as previously described (47). RT-QuIC reaction
products were collected from the bottom of plates by extensive scraping
and pipetting using the same tip for all replicate wells and treated with 10
�g/ml PK for 1 h at 37°C with orbital shaking at 400 rpm to leave PK-
resistant recombinant PrP (rPrPRes) products. The samples were then
mixed with an equal volume of gel-loading buffer containing 10% SDS
and 8 M urea and were boiled for 10 min for Western blot analysis. The
samples were separated using a 12% NuPAGE gel (Novex) and transferred
onto a PVDF membrane (Millipore). The blotted membrane was then
incubated with R20 primary antiserum (hamster epitope, residues 218 to
231) (50), followed by an anti-rabbit alkaline phosphatase (AP)-conju-
gated secondary antibody. Signals were visualized using AttoPhos AP flu-
orescent substrate system (Promega). The rPrPRes band ratio was calcu-
lated by using ImageQuant TL software (GE Healthcare).

RESULTS
Immunoblot profile of PrPRes in brain samples from BSE-in-
fected cattle. The brain samples (cortex) were collected from cat-
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tle affected by C-, L-, or H-BSE. To confirm the presence of PrPRes

in the brain specimens and the presence of the typical banding
pattern profiles of C-, L-, and H-BSE, the samples were treated
with PK and analyzed by Western blotting. As expected (Fig. 1),
and as previously described (19), the H-BSE samples all showed a
predominance of the highest-molecular-weight glycoform and
unglycosylated (Fig. 1, lowest row) and monoglycosylated (Fig. 1,
middle row) bands that migrated slightly above the corresponding
bands in the C- and L-BSE profiles.

H-BSE detection using BV rPrPSen. Given that full-length
wild-type BV rPrPSen with residues 23 to 230 and methionine at
residue 109 (BV rPrPSen 23–230, M109) has recently been shown to
serve as an apparently universal substrate for RT-QuIC detection
of prions of all species and strains tested so far (47), we first tested
BV rPrPSen as a substrate for detecting H-BSE. Reaction mixtures
seeded with 10�5 dilutions of brain tissue samples from three cat-
tle clinically affected with H-BSE gave rapid increases in ThT fluo-
rescence within 5 h (Fig. 2). In contrast, reaction mixtures seeded
with the same dilution of brain samples from C-BSE-infected cat-
tle gave much longer lag phases of between 24 and 40 h, while
L-BSE reactions consistently displayed intermediate lag phases of
8 to 13 h. For one C-BSE sample, when reaction mixtures were
seeded with 10�5 dilutions of brain tissue, RT-QuIC kinetics were
only �20% faster than in an uninfected negative-control brain
homogenate, which started to give spontaneous and prion-inde-
pendent positive fluorescence after 50 h. The 50-h reaction time
therefore marked the point at which it became difficult to clearly
discriminate prion-seeded reactions from spontaneously positive
reactions; this point is known to vary with substrate, reaction con-
ditions, and sample matrix effects (41, 47, 51, 52). These results
indicated that with RT-QuIC using the BV rPrPSen substrate, H-
BSE was consistently more rapidly detectable than with either C-
BSE or L-BSE at the same concentration of brain homogenate
from clinically affected animals.

To assess the analytical sensitivity for detecting H-BSE seeding
activity in brain tissue from clinical animals, we performed end-
point dilution analysis on samples from the three infected cattle.
For each case, all brain tissue dilutions down to 10�8 gave positive

reactions in 3/4 (H-BSE #1) and 4/4 (#2 and #3) replicate wells
within 40 h (Fig. 3). At a 10�9 dilution, 1 out of 4 replicate wells
was positive for two of the H-BSE brain tissue samples, while the
third brain sample was negative for all 4 replicates. Using Spear-
man-Kärber analysis, 50% seeding dose (SD50) titers of 108.20 to
108.45 SD50/mg of tissue were estimated, which were comparable
to the highest titers we have seen with BV rPrPSen 23–230, M109,
and most other substrates for prion strains from other host species
(47).

H-BSE, L-BSE, and C-BSE prion seeding activity detection
using other rPrPSen substrates. We then tested 11 other rPrPSen

substrates for their relative utility in detecting these bovine prion
strains (see Materials and Methods and Fig. 4). All of these sub-
strates detected seeding activity in a 10�4 dilution of H-BSE brain
homogenate in 4/4 replicate reactions, with average lag phases of 5

FIG 1 Western blot analysis of PrPRes in brain homogenate samples from cattle affected by C-BSE, L-BSE, or H-BSE. The immunoblot was probed with an
HRP-conjugated MAb T2. Lanes 1 and 2, uninfected cattle; lanes 3 and 4, C-BSE (n 	 2); lanes 5 to 7, L-BSE (n 	 3); lanes 8 to 10, H-BSE (n 	 3). All the samples
were digested with 40 �g/ml PK at 37°C for 1 h. Molecular markers are shown on the left in kilodaltons.

FIG 2 RT-QuIC detection of C-, L-, and H-BSE prion seeding activity using
bank vole rPrPSen 23–230, M109. Quadruplicate RT-QuIC reaction mixtures
were seeded with 10�5 dilutions of brain tissues from uninfected (gray lines,
n 	 2), C-BSE-affected (green lines, n 	 2), L-BSE-affected (red lines, n 	 3) and
H-BSE-affected (blue lines, n 	 3) cattle. A final SDS concentration of 0.001%
in combination with 300 mM NaCl was used with the BV rPrPSen 23–230, M109

substrate. Similar results were observed in three independent experiments, and
representative RT-QuIC data are shown. Thioflavin T fluorescence measure-
ments (the average of four replicate wells; y axis) are plotted as a function of
time (hours; x axis).

Masujin et al.

678 jcm.asm.org March 2016 Volume 54 Number 3Journal of Clinical Microbiology

http://jcm.asm.org


to 20 h, while uninfected brain homogenate gave no positive re-
actions within 40 h (Fig. 4A to L). The shortest lag phases were
observed with those substrates containing the BV sequence. Over-
all, these results showed that H-BSE brain homogenate was able to
seed amyloid formation by 12 different rPrPSen substrate mole-
cules in RT-QuIC reactions.

Each of these same substrates also detected 10�4 dilutions of
L-BSE brain homogenates in all replicate reactions (Fig. 4A to L).
With a majority of these substrates (BV rPrPSen 90 –230, M109; BV
rPrPSen 23–230, I109; Hu-BV rPrPSen 23–230, M109; Mo rPrPSen

23–231; Hu rPrPSen 23–231, M129; Ha rPrPSen 23–231; and Ha
rPrPSen 90 –231), the L-BSE seeds gave longer lag phases than
those seen with H-BSE. With BV rPrPSen 23–230, M109 and
Hu-BV rPrPSen 23–230, M109 in particular, the L-BSE-seeded re-
action mixtures always had a longer lag phase than was observed
in simultaneous reaction mixtures seeded with comparable dilu-
tions of H-BSE brain homogenate (Fig. 4A). However, compara-
ble or shorter lag phases were seen for L-BSE with the substrates
containing sheep sequence (Fig. 4I to L). The shortest lag phase for
L-BSE was seen with the sheep (Sh) ARR sequence (Fig. 4K).

Only half of these various rPrPSen substrates detected seeding
activity in 10�4 dilutions of C-BSE within 40 h, and in all cases, the

lag phases were much longer and the mean ThT fluorescence lev-
els weaker, than those observed with comparable dilutions of H-
BSE or L-BSE brain homogenates (Fig. 4). Thus, altogether, these
results provided evidence that the H-, L-, and C-BSE in these
brains differed in their relative abilities to seed amyloid formation
by these 12 rPrPSen substrates.

The strain-dependent differences in RT-QuIC kinetics that we
observed with BV rPrPSen 23–230 and Sh rPrPSen ARR 25–234
substrates suggested the following potential strategy for discrimi-
nating these strains by RT-QuIC: if an unknown bovine sample
was positive at a given dilution using the BV substrate, it might
contain prion seeds of any one of the three strains. However, if the
same dilution were tested concurrently with the Sh rPrPSen ARR
25–234 substrate, the lag phase should be markedly longer if the
unknown were H-BSE, shorter if it were L-BSE, and undetectable
if it were C-BSE (Fig. 5). We further tested this diagnostic algo-
rithm on brain samples from cattle clinically affected with each of
the BSE strains (3 cattle per strain) (Fig. 6). Three dilutions (10�3,
10�4, and 10�5) of each brain sample were tested using the BV
rPrPSen 23–230 and Sh rPrPSen ARR 25–234 substrates. Consistent
with the above-described results, all of the brain samples gave
positive reactions with the BV rPrPSen 23–230 substrate (darker

FIG 3 RT-QuIC endpoint dilution analyses of brain tissues from H-BSE-affected cattle using bank vole rPrPSen 23–230, M109. The designated dilution of brain
tissue from H-BSE cattle number 1, 2, or 3 and uninfected cattle (n 	 2) were used to seed RT-QuIC reaction mixtures in the presence of 0.001% SDS and 300
mM NaCl using BV rPrPSen 23–230, M109 as the substrate. Each trace indicates the average fluorescence (y axes) from four replicate wells seeded with the same
brain homogenate dilution. Similar results were observed in two independent experiments. The calculated 50% seeding dose (SD50) per mg of brain tissue is
indicated for each brain sample tested.
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colors), while only the H-BSE and L-BSE brain samples gave pos-
itive reactions with the Sh rPrPSen ARR 25–234 substrate (lighter
colors). Uninfected brains were negative for all replicate reactions
for at least 50 h. Also, at each dilution of each H-BSE brain, the lag
phase with the Sh rPrPSen ARR 25–234 substrate was approxi-
mately double that obtained with the BV rPrPSen 23–230 sub-
strate. In contrast, for each dilution of the L-BSE brain samples,
the lag phase with the Sh rPrPSen ARR 25–234 substrate was
shorter than that with the BV substrate. Thus, these results pro-
vided evidence that C-, L-, and H-BSE can be discriminated based
on relative reactivities and lag phases obtained using the BV
rPrPSen 23–230 and Sh rPrPSen ARR 25–234 substrates.

To further test our ability to discriminate the BSE strains by
RT-QuIC using the above-described algorithm, we retested all of
the available H-BSE (n 	 3), L-BSE (n 	 3), and C-BSE (n 	 3)
samples described above after the samples were blinded by a col-
league not otherwise involved in this study. In all cases, the correct
strain identification was made as long as brain homogenate dilu-
tions of 10�3 to 10�5 were used. With more extreme dilutions, the

greater variability in lag phase, which is typically seen in RT-QuIC
reaction mixtures seeded with low levels of prion seeding activity
(41), sometimes confounded strain identification (data not
shown). Furthermore, we found that it was important to use a
single plate to compare the relative kinetics with BV rPrPSen 23–
230 and Sh rPrPSen ARR 25–234 substrates for a given test sample,
along with positive controls of each strain. This precaution was
needed because, as we have seen previously with other RT-QuIC
assays, seemingly subtle differences in reaction conditions that
occur between experiments and fluorimeters can influence lag
phases to the extent that they also confound strain identification.

Discrimination of H-BSE from L-BSE and C-BSE by immu-
noblotting of RT-QuIC products. Another RT-QuIC-based ap-
proach to discriminating prion strains is the comparison of the
profile of PK-resistant products of RT-QuIC reactions using the
BV rPrPSen 23–230, M109 substrate by Western blotting (47). We
tested this approach by comparing the products of reaction mix-
tures seeded with brain samples from H-, L-, and C-BSE-affected
cattle (Fig. 7A). H- and C-BSE-seeded reaction products were dif-

FIG 4 RT-QuIC detection of C-, L-, and H-BSE prion seeding activity in brain samples using multiple rPrPSen substrates. Quadruplicate RT-QuIC reaction
mixtures were seeded with 10�4 brain tissue dilutions from uninfected (gray lines), C-BSE-affected (green lines), L-BSE-affected (red lines), and H-BSE-affected
(blue lines) cattle in the presence of 0.001% SDS. A final concentration of either 300 mM NaCl (BV rPrPSen 23–230, M109 [A], BV rPrPSen 90 –230, M109 [B], BV
rPrPSen 23–230, I109 [C], Hu-BV rPrPSen 23–230, M109 [D], Ha rPrPSen 23–231 [G], Ha rPrPSen 90 –231 [H], Sh rPrPSen ARQ 25–234 [I], VRQ 25–234 [J], ARR
25–234 [K], and Ha-S rPrPSen 23-234 [L]) or 130 mM NaCl (Mo rPrPSen 23–231 [E] and Hu rPrPSen 23–231 [F]) was used. Traces from representative RT-QuIC
experiments are shown as the average of ThT fluorescence (y axes) from four replicate wells.
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ficult to distinguish from one another, with each having a predomi-
nant 10-kDa band and a weaker band or a diffuse smear at �12 kDa
(Fig. 7B). In contrast, the L-BSE-seeded products had stronger rela-
tive ratios of the intensity of the 12-kDa band to that of the 10-kDa
band (P � 0.001, t test) compared to C- and H-BSE-seeded products
(Fig. 7B). Thus, these relative banding patterns might provide an
additional means of discriminating L- and H-BSE and be helpful in
future analyses to confirm BSE strain identifications.

Detection of prion seeding activity in CSF of H- and L-BSE-
infected cattle. Because prion seeding activity has been detected in
CSF samples from prion-infected humans, sheep, rodents, and
deer (42, 52–56), we tested whether the same is true in BSE-in-
fected cattle. We tested 20 �l of neat CSF samples from 2 C-BSE, 4
L-BSE, 2 H-BSE-affected cattle and 2 uninfected cattle using either
the BV rPrPSen 23–230, M109, BV rPrPSen 90 –230, M109, or Ha
rPrPSen 90 –231 substrate. Both H-BSE cattle (Fig. 8, blue) gave
positive reaction products in 2/2 replicate reactions performed
with BV rPrPSen 23–230, M109 and 2/3 or 3/3 reactions with Ha
rPrPSen 90 –231 (Fig. 8A and C, respectively). However, only one
of the H-BSE cattle was clearly positive, relative to the uninfected

controls, using the BV rPrPSen 90 –230, M109 substrate (Fig. 8B).
CSF samples from three of four L-BSE cattle (Fig. 8, red) gave 3/3
positive replicate reaction products with the Ha rPrPSen 90 –231
substrate, while the fourth reaction was negative (Fig. 8C). The
other two substrates appeared to be less sensitive for detecting
L-BSE in CSF (Fig. 8A and B). Finally, no positive reaction prod-
ucts were detected in CSF samples from two C-BSE cattle with any
of the three substrates (Fig. 8A and C). Collectively, these results
indicate preliminarily that the Ha rPrPSen 90 –231 substrate was
the most effective in detecting both H- and L-BSE in bovine CSF
samples and that prion seeding activity was detectable in at least
some of the H- and L-BSE-infected cattle but not in C-BSE-in-
fected or uninfected cattle. These results support the concept that
the most suitable rPrPSen substrate may be different depending on
the bodily fluids or tissues being tested.

DISCUSSION

The C-BSE epidemic in cattle and its causation of vCJD in humans
have had serious impacts on both the cattle industry and human
health. The incidence of C-BSE has virtually been eliminated by

FIG 5 Schematic for RT-QuIC-based discrimination for C-, L-, and H-BSE. A decision tree is shown illustrating the steps for RT-QuIC discrimination
of C-, L-, and H-type BSE strains (green, red and blue, respectively). The table summarizes the possible outcomes of RT-QuIC testing using both BV
23–230, M109 and Sh ARR 25–234 rPrPSen in the same plate. The graphs represent three examples of RT-QuIC kinetics observed using BV rPrPSen 23–230,
M109 and Sh ARR 25–234 rPrPSen. The arrows in the table and the graphs indicate the shift in lag phase using Sh ARR relative to BV rPrPSen.
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effective, albeit costly, measures to minimize its propagation
within cattle and zoonotic transmission from cattle into humans.
However, the recent appendix-based evidence for widespread
subclinical prion infections of humans (18) raises the specter of
longer-term consequences of the C-BSE epidemic. At the same
time, the likelihood that atypical forms of BSE can arise sponta-
neously in cattle, as apparently occurs with sporadic CJD in hu-
mans, suggests that continuous surveillance for H- and L-BSE,
coupled with appropriate containment measures, will be required
to prevent outbreaks in cattle and mitigate risks to humans and
other species. The current commercially available rapid tests that
are approved for postmortem BSE surveillance are indeed practi-
cal and effective at identifying the many problematic cases of clas-
sical or atypical BSE-infected cattle that might indicate a focus of
bovine prion disease or threaten the human food supply. How-

ever, these tests are not sensitive enough to detect all potential
sources of BSE infection, because they are orders-of-magnitude-
less sensitive than bioassays for BSE infectivity (33–36). The sand-
wich CDI assay described by Safar and colleagues (35) is nearly as
sensitive as the best animal bioassays for C-BSE but, to our knowl-
edge, has not been described for the atypical strains of BSE. Thus,
the effectiveness of BSE testing would likely be aided by our dem-
onstration here of highly sensitive and practical tests for the de-
tection and discrimination of each of the established strains of BSE
in cattle.

As noted above, our previous studies demonstrated RT-
QuIC assays capable of sensitive detection and discrimination
of C-BSE and L-BSE using various rPrPSen substrates (40, 47).
Here, we describe an ultrasensitive RT-QuIC assay that also
detects H-BSE prion seeding activity in H-BSE brain homoge-

FIG 6 Detection and discrimination of C-, L-, and H-BSE prion seeding activity by RT-QuIC using BV rPrPSen 23–230, M109 and Sh rPrPSen ARR 25–234.
Serial dilutions of brain homogenates (10�3, 10�4, and 10�5) from three C-BSE-, three L-BSE-, and three H-BSE-affected cattle and one uninfected
animal were tested by RT-QuIC. The same brain homogenate dilutions (circles, triangles, and squares indicate individual animals) were used to seed
reaction mixtures with either BV rPrPSen 23–230, M109 (dark shades of green, red, and blue) or Sh rPrPSen ARR 25–234 (light shades of green, red, and
blue). Representative data from at least two independent experiments are shown. The traces are the average fluorescence values (y axes) results from of
four replicate wells.
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nate dilutions of 10�5 within 5 to 10 h and dilutions of as little
as 10�8 within 24 h. To our knowledge, the corresponding
sensitivities of animal bioassays and PMCA for the atypical BSE
strains have not yet been described, but for C-BSE, our RT-
QuIC tests appear to be at least as sensitive as bioassays and
nearly as sensitive as PMCA (37–39). With sensitivities that are
orders-of-magnitude greater than the commercially available
rapid immunochemical tests, our RT-QuIC tests should be able
to detect BSE in a larger proportion of cattle and in tissue
specimens with much lower, but still potentially infectious,
levels of contamination. This improves the likelihood that, as is
the case for sporadic CJD (sCJD) in humans (42, 49, 52, 54),
antemortem diagnostic tests can be developed that are based on
analyses of tissue or fluids that can be obtained from live cattle.
Here, we have demonstrated the detection of prion seeding
activity in CSF samples from cattle infected with H-BSE and
L-BSE but not C-BSE (Fig. 7); however, CSF is not likely to be
practical as an antemortem diagnostic specimen source for cat-
tle, so testing of other more-accessible tissue specimens is war-
ranted. As noted above, RT-QuIC assays can be quantitative
(41, 57–60), facilitating assessments of the relative amounts of
prion seeding activity in various diagnostic specimens and tis-
sues that might end up in the food supply (61).

Through comparisons of H-, L-, and C-BSE reactivities with
12 different recombinant PrP substrates, we also demonstrate a
means to clearly discriminate each of three major bovine prion

strains. In practice, test samples should be run simultaneously
with the BV rPrPSen 23–230 and sheep rPrPSen ARR 25–234
substrates in the same plate, allowing detection and strain dis-
crimination in one assay. In such an assay, it would be advisable
to include positive-control standards of each strain to allow
direct internal comparisons to be made. Additionally, our data
indicate that strain identification by the algorithm we de-
scribed above (and see Fig. 5) works for dilutions of 10�3 to
10�5 of brain tissue from clinically affected cattle but not more
extreme dilutions that are closer to the detection limit of the
assay. A possible implication of this observation is that BSE
strain discrimination between H- and L-BSE might not be fea-
sible with RT-QuIC alone using test samples that have reduced
concentrations of prion seeding activity. Such samples might
include brain tissue from preclinical BSE-infected cattle or
non-central nervous system (CNS) tissues with lower levels of
seeding activity.

In conclusion, RT-QuIC assays are less labor-intensive, time-
consuming, and technically demanding than comparably sensi-
tive PMCA tests for BSE (37, 38), which require sonication rather
than shaking and Western blotting rather than fluorescence as a
readout. Thus, as of this writing, our currently described RT-
QuIC assays for BSE appear to be the most practical means for
detecting all infectious levels of the three major BSE strains. Fur-
thermore, when brain samples (at least) contain sufficient seed

FIG 7 Western blot analysis of BV rPrPRes products from RT-QuIC reaction mixtures seeded with C-, L-, and H-BSE strains. Reaction products were digested
with 10 �g/ml PK at 37°C for 1 h. BV rPrPRes conversion products were detected using C-terminal antiserum R20 (hamster PrP epitope residues 218 to 231).
(A)BV rPrPRes conversion products from reaction mixtures seeded with uninfected (lanes 1 and 2, n 	 2), C-BSE (lanes 3 to 8, n 	 6), L-BSE (lanes 9 to 11, n 	
3), or H-BSE (lanes 12 to 14, n 	 3) brain tissue dilutions. RT-QuIC and immunoblotting analyses was performed at least twice for each brain sample with similar
results. The molecular mass markers are shown on the left in kilodaltons. (B) ImageQuant TL software densitometry quantification of the relative intensity of the
lower (10 kDa, white bars) and the upper (12 kDa, black bars) bands of BV rPrPRes products generated by seeding with C-, L-, or H-BSE brain homogenate
dilutions. The results are represented as the means � standard deviations (SD) from the results from two independent experiments in which seeding activity from
each of the three BSE strains was detected. The asterisks indicate statistically significant differences in the signal intensity of the 12-kDa band between L-BSE and
other BSE strains (P � 0.001, Student’s t test).
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concentrations, RT-QuIC can discriminate these strains from one
another.
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