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Prions are amyloid-forming proteins that cause transmissible spongiform encephalopathies

through a process involving the templated conversion of the normal cellular prion protein (PrPC) to

a pathogenic misfolded conformation. Templated conversion has been modelled in several in vitro

assays, including serial protein misfolding amplification, amyloid seeding and real-time quaking-

induced conversion (RT-QuIC). As RT-QuIC measures formation of amyloid fibrils in real-time, it

can be used to estimate the rate of seeded conversion. Here, we used samples from deer infected

with chronic wasting disease (CWD) in RT-QuIC to show that serial dilution of prion seed was

linearly related to the rate of amyloid formation over a range of 10”3 to 10”8 mg. We then used an

amyloid formation rate standard curve derived from a bioassayed reference sample (CWD+ brain

homogenate) to estimate the prion seed concentration and infectivity in tissues, body fluids and

excreta. Using these methods, we estimated that urine and saliva from CWD-infected deer both

contained 1–5 LD50 per 10 ml. Thus, over the 1–2 year course of an infection, a substantial

environmental reservoir of CWD prion contamination accumulates.

INTRODUCTION

Prion diseases and many major human neurodegenerative
diseases, including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, frontotemporal dementia and
chronic traumatic encephalopathy, are associated with the
misfolding of cellular proteins into an amyloid state (Frost
& Diamond, 2010; McKinley et al., 1983; Prusiner, 1998;
Soto, 2012). In prion diseases, templated misfolding of
the cellular prion protein (PrPC) by an infectious, and
potentially transmissible, b-sheet rich, amyloid form of
the same protein, termed PrPSc, Res or D, is associated with
neuronal loss and disease induction (Prusiner, 1998;
Soto, 2012). Prion diseases are distinguished from other
amyloid-associated diseases by the remarkable stability of
the amyloid filaments formed and their transmissibility
under natural conditions (Soto, 2012).

Detection of PrPRes in the disease state can be accomplished
by several methods. To date, immunohistochemistry and/or
western blotting or animal bioassay have been considered
the gold standards for the detection of PrPRes (Bolea et al.,
2005). More recently, in vitro amplification methods [serial
protein misfolding cyclic amplification (sPMCA) (Saborio
et al., 2001), amyloid seeding assay (ASA) (Colby et al., 2007)
and real-time quaking-induced conversion (RT-QuIC)

(Atarashi et al., 2011a)], all of which employ conversion of
substrate PrPC to the disease-specific conformation, have
expanded the sensitivity and mechanistic possibilities of
prion detection assays. For example, sPMCA, with its
alternating cycles of elongation and sonication to facilitate
fragmentation of nascent amyloid filaments, can be suffi-
ciently sensitive to detect only a few molecules of PrPRes

(Castilla et al., 2005a, 2008; Saá et al., 2006; Saborio et al.,
2001). The ASA and RT-QuIC are generally analogous to
sPMCA, but employ recombinant PrPC instead of brain
homogenate as substrate for disease-specific, in vitro,
amyloid formation (Atarashi et al., 2007, 2011a; Colby
et al., 2007). RT-QuIC offers the advantage of real-time
assessment of amyloid fibril generation and has been
successfully applied to many seed sources, some of which
are available for antemortem sampling (Atarashi et al.,
2011a, b; Elder et al., 2013; Haley et al., 2013; Henderson
et al., 2013; McGuire et al., 2012; Orrú et al., 2011, 2014;
Peden et al., 2011; Sano et al., 2013; Wilham et al., 2010).

The prion hypothesis stipulates that an infectious PrPRes

seed serves as a template for the conversion of PrPC. The
RT-QuIC assay, as well as other in vitro assays, takes
advantage of the replicative and amyloid seeding capacity
of PrPRes. Formation of amyloid is a nucleation-dependent

Journal of General Virology (2015), 96, 210–219 DOI 10.1099/vir.0.069906-0

210 069906 Printed in Great Britain



polymerization reaction (Baskakov & Bocharova, 2005;
Knowles et al., 2009). One would expect that increased
concentration of seed would result in more frequent
templating interactions and an increase in the formation of
amyloid fibrils. Indeed, a feature of nucleated polymeriza-
tion is that the addition of increasing concentrations of
equal-sized seeds results in increasing rates of fibril
formation (Cohen et al., 2011; Knowles et al., 2009).
Mathematical models and experimental evidence dem-
onstrate that nucleation-dependent polymerization sub-
stantially reduces the lag phase; when the spontaneous
nucleation phase of polymerization is replaced by the
addition of a seed, the elongation phase begins practically
immediately (Cohen et al., 2011; Harper & Lansbury, 1997;
Knowles et al., 2009). RT-QuIC records fibril formation by
detection of an increase in fluorescence emission associated
with the binding of thioflavin T (ThT) to the amyloid
fibril. As with real-time (RT)-PCR, when faithful and
exponential conversion occurs, the relationship between
the initial seed (DNA or PrPRes) quantity and rate of
amplified product is linear (Gibson et al., 1996; Murphy
et al., 1990; Pfaffl, 2001). Therefore, one would expect a
linear relationship between the initial seed concentration
and the rate of production of amyloid fibrils, as long as
there is sufficient fibril content to produce a detectable
ThT signal. Thus, we set out to better understand the
relationship between amyloid seed concentration, ThT lag
phase and concentration of infectious prions in biological
samples using the RT-QuIC assay. Here, we calculated the
rate (h21) at which detectable amyloid is formed from
tissues and excreta of infected deer. We then related the
reaction rate to prion infectivity by comparison with a
reference bioassayed brain homogenate.

RESULTS

Reaction modelling and prediction

In order to quantify the relative amount of prion in a given
sample using RT-QuIC, we applied a mathematical model
to predict how the assay should behave. We hypothesized
that the low levels of amyloid present at the early stage of
the reaction would be below the detection limit of ThT
fluorescence, which would prevent detection of amyloid
formed in the early stage of the reaction (Fig. 1a).
Therefore, the apparent lag phase observed by RT-QuIC
likely reflects fluorescence detection limits, much like the
early rounds of RT-PCR, when DNA replication is
occurring yet no signal is observed (Murphy et al., 1990).
The amyloid seeding model also predicts that the time at
which a sample becomes positive (the end of apparent lag
phase) is linearly related to the concentration of seed.
Therefore, upon serial dilution, a linear relationship should
be observed when seed concentrations are plotted on a log
scale (Fig. 1a). Here, we defined the rate of amyloid
formation as the inverse of the time it takes for a reaction
to reach the threshold (Ct), defined as the mean baseline

fluorescence plus 5 SD. The rate (h21) of amyloid forma-
tion for serially diluted seeds is shown in Fig. 1(b).
Essentially, a higher rate indicates that the reaction reaches
the threshold and completion (all substrate consumed)
faster. The inverse of Ct was plotted instead of Ct because
some reactions do not reach the threshold during the
length of the assay and therefore have no Ct that can be
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Fig. 1. Quantitative analysis of prion amyloid seeding levels with
the RT-QuIC assay. (a) Model of the seeded RT-QuIC assay.
Amyloid amplification is not observed until ThT fluorescence levels
reach a detectable level. We estimate the amyloid formation rate by
using the time at which a RT-QuIC assay crosses a defined
threshold, termed Ct. When Ct values or the inverse of Ct values
are plotted on a log scale, a linear relationship should be observed
(Gibson et al., 1996; Murphy et al., 1990). (b) Reactions in the RT-
QuIC assay were determined to be positive when a threshold of
5 SD above the initial fluorescence is reached. (c) Analysis of a
CWD+ brain pool from 10”1 to 10”8 dilution of a 10 %
homogenate. The mean±SD amyloid formation rate is displayed
for each dilution. Each point is derived from eight replicates from
three experiments. No reaction is observed at 10”1 or 10”2 and a
slower reaction rate is seen at 10”3 dilution; 10”4 to 10”7 show a
linear response as predicted.
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plotted. To account for these samples, we conservatively
assumed that negative reactions (those which did not
reach our threshold for ThT fluorescence) have a Ct value
approaching infinity and therefore have an amyloid
formation rate of zero. All experiments included negative
brain samples with corresponding dilutions and none of
the negative samples met the criteria for positivity.

To investigate whether RT-QuIC behaved in accordance
with the above model, we assayed a brain homogenate
positive for chronic wasting disease (CWD+) over a wide
serial dilution range (Fig. 1c). Interestingly, we routinely
observed no positive reactions by RT-QuIC in 1021 and
1022 dilutions of 10 % CWD+ brain homogenates.
Additionally, at 1023 dilution, we observed a slightly slower
rate of amyloid formation than with a 1024 dilution.
However, from 1024 to the end point, we observed a linear
response, as would be predicted from the seeded conversion
model (Fig. 1c). We performed this analysis on 15 other
brain homogenate samples (all from the obex region of the
medulla of terminal CWD-infected deer) and observed a
similar linear range for all the samples tested (data not
shown). Thus, two phenomena were apparent: (1) RT-
QuIC, as with other kinetic assays such as RT-PCR, has a
linear range wherein defined assay conditions yield a linear
response, and (2) reaction competitors or inhibitors were
likely present in the lower dilutional range and their
influence was eliminated upon serial dilution of the brain
seed. This latter phenomenon has been observed previously
in RT-QuIC and multiple other assays (Orrú et al., 2011).

Elimination of competitors or inhibitors by
phosphotungstic acid (PTA) precipitation

Next, we investigated the role of inhibitors in the RT-QuIC
assay. As no reactions were positive at 1021 and 1022

dilution of a 10 % brain homogenate, we tested whether
the addition of PTA precipitations of dilutions of the
same homogenate could eliminate presumed inhibitors as
demonstrated in previous work (Elder et al., 2013;
Henderson et al., 2013). Indeed, when a 1022 dilution of
CWD+ brain homogenate was subjected to PTA precipi-
tation, we observed positive RT-QuIC reactions (Fig. 2).
Importantly, rates of amyloid formation at higher dilutions
(1023 and 1024) were not affected by the concentration of
PTA in our assay conditions, consistent with previous work
(Fig. 2) (Elder et al., 2013; Henderson et al., 2013).
However, the addition of the PTA did not result in positive
reactions when a 1021 dilution of brain homogenate was
tested (Fig. 2), suggesting that a fraction of the inhibitory
factor(s) remained with PTA precipitated prions.

Comparing RT-QuIC reaction rate with western
blot analysis of PrPRes

To examine the range over which RT-QuIC could be
quantitative, we analysed brain sections with high, inter-
mediate and low levels of PrPRes, as detected by western

blotting. In two CWD-inoculated, terminally ill deer,
proteinase K-resistant PrPRes levels were demonstrated to
be high in animal 776 and to be substantially lower in
animal 783 (Fig. 3a). RT-QuIC analysis of the same brain
sections was correlated with the western blot results;
animal 776 had high levels of PrPRes in the western blot and
potent amyloid seeding activity, extending to a 1028

dilution of obex, in RT-QuIC (Fig. 3b). Likewise, in deer
783, the lower level of PrPRes in obex and mid-brain by
western blot was correlated with ~100-fold lower amyloid
seeding activity compared with deer 776 (783 obex end-
point, 1026; 776 obex end-point, 1028; 783 mid-brain end-
point, 1024; 776 mid-brain end-point, 1027) (Fig. 3a, b).

Correlation of RT-QuIC reaction rate with
infectivity

After establishing that CWD prions could be assayed over a
multi-log range, we calculated the amyloid formation rates
of a serially diluted CWD+ deer obex homogenate that
had previously been analysed by cervid PrP transgenic
mouse bioassay (Elder et al., 2013). In the bioassay, the
LD50 for the CWD+ brain homogenate was determined to
be 13.8 pg or a 4.5961026 dilution of obex (Fig. 4a). The
RT-QuIC amyloid formation rates were fit by semi-log
linear regression and LD50 dose (13.8 pg) fell well within
the linear assay range (Fig. 4b, intersection of dotted lines).
The amyloid formation rate for 1 LD50 of obex (13.8 pg)
was 0.0823 h21 (Fig. 4b, intersection of the horizontal
dotted line and the y-axis). The bioassay end-point dilution
and the RT-QuIC standard curve were plotted on the same
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Fig. 2. PTA precipitation of CWD+ brain homogenate dilutions to
enhance detection. The amyloid formation rate with or without PTA
precipitation is shown for 10”1 to 10”4 dilutions of a 10 % CWD+

brain pool homogenate. No reaction is seen for 10”1 or 10”2 in
non-PTA-precipitated samples. A 10”2 dilution from PTA-pre-
cipitated samples shows a similar amyloid formation rate to a 10”3

dilution of non-PTA-treated CWD+ brain. PTA precipitation does
not substantially affect the amyloid formation rate of more dilute
samples. Each result represents the mean±SD and is derived from
four replicates from two experiments.
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x-axes (mg CWD+ obex). The detection limit of RT-QuIC
was approximately two orders of magnitude more sensitive
than the bioassay titration (Fig. 4a, b).

RT-QuIC estimation of CWD prion content of
tissues of deer

In order to better understand the biological relevance of
prion accumulation in peripheral tissues during the course
of CWD infection, we determined the amyloid seeding
activity and amyloid formation rates of serially diluted left
ventricle, pancreas, jejunum and spleen. All these samples
contained seeding activity over various dilution ranges
(Fig. 5a), although all had less seeding activity than the
obex of the same animal, as expected (Fig. 5a, dotted lines).
The specific tissue samples presented here were strongly
positive in a screen of all tissues from a terminally ill
CWD+ white-tailed deer. Each sample selected showed
substantial seeding activity and may not be a representative
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Fig. 3. PrPRes levels detected by western blotting correlate with
quantitative RT-QuIC assessment of the same sample. (a) Lanes 1
and 2, western blot analysis of CWD– brain sample with and
without proteinase K (PK) treatment. Lanes 3 and 4, proteinase K-
resistant PrPRes samples from the obex and mid-brain of deer 776
that had advanced terminal disease. Lanes 5 and 6, corresponding
samples from deer 783 that did not have robust accumulation of
PrPRes in any brain sample analysed. Five times the brain equivalents
of lane 3 and 4 were added to lanes 5 and 6 so a signal could be
observed. (b) Quantitative RT-QuIC analysis of the same brain
samples shown in the western blot in (a). Both samples from deer
776 that had a robust western blot signal (lanes 3 and 4 above) had
significant amyloid seeding capacity across more than five orders of
magnitude. Both samples from deer 783 had less amyloid amplifying
activity compared with 776. Each point represents the mean±SD

and is derived from four replicates from two experiments.
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Fig. 4. Quantification of a CWD+ brain sample after the end-
point dilution bioassay. (a) Percentage of cervidized transgenic
mice that succumbed to CWD at each dilution point. Drop-lines
(dotted) denote the LD50. LD50 is calculated to be 13.8 pg. (b) RT-
QuIC quantitative analysis of the same sample used for the end-
point dilution bioassay in (a). The solid line is the best-fit semi-log
linear regression of the bioassayed brain sample analysed by RT-
QuIC. Dashed lines are the 95 % confidence intervals of the best-
fit curve. The vertical dotted line is the LD50 (mg CWD+ brain).
The horizontal dotted line is the calculated amyloid formation rate
(h–1) for 1 LD50. Each point for RT-QuIC represents the mean±SD

and is derived from six replicates from three experiments.
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of the prion load in the typical CWD disease course.
Additionally, unidentified factors in the pancreas appear to
increase variability in the amyloid formation rate in the
RT-QuIC assay versus other tissues tested. These data are
included in order to demonstrate the potential pitfalls in
comparing divergent tissue samples using a single experi-
mental protocol. We used the seeding activity of a 1024

dilution (0.2 ng) of each tissue in the equation for the
standard curve established in Fig. 4(b) [rate50.031 log(mg
sample)+0.23]. This calculation compares the seeding
activity of the tissues to seeding activity of the bioassayed
brain; in other words, brain equivalents for each tissue
are derived (i.e. 0.2 ng spleen has the same amyloid forma-
tion rate, or the same seeding activity, as 1.1661024 ng
obex). By dividing the brain equivalents by the bioassay-
determined LD50 (13.8 pg), we were able to estimate the
infectivity of the CWD prion dose in each tissue (Fig. 5b).
The tissues tested had LD50 values ~50-fold lower than the
obex sample, but were within the linear range of our assay
conditions.

Estimation of prion concentrations in excreta of
infected deer

As CWD is unique in its efficient horizontal transmission
in nature, we applied the quantitative analysis described
above to saliva and urine samples from a CWD-infected
deer. Prions in body fluids and excreta are below detection
limits with direct assays for prion detection in tissues. In
addition, the presence of inhibitors in these complex
biological fluids can pose additional complications for in
vitro amplification assays (Castilla et al., 2005b; Gonzalez-
Romero et al., 2008). As previously described for saliva
(Henderson et al., 2013), we used PTA precipitation to
enrich for prions and to reduce reaction competitors in
whole saliva. For urine, we used the low-speed pelleted
fraction and subjected the resuspended pellet to PTA
precipitation. We then compared the amyloid formation
rate of obex from a given deer to saliva and urine from that
animal collected longitudinally throughout the disease
course (Fig. 6a). As anticipated, seeding activity in saliva
and urine was substantially lower than in brain, but still
within the linear range of the CWD+ obex reference
curve (Figs 4a and 6a). We calculated the LD50 equivalents
present in physiologically relevant volumes of excreta to
estimate infectivity. We calculated that 10–20 ml of urine
and 5–10 ml of saliva contained ~1 LD50 CWD prion
infectivity (as assessed by transgenic mouse bioassay). It
was evident that excreta contained substantial prion
content, which may play a role in direct or indirect
horizontal transmission of CWD.

DISCUSSION

We describe the mathematical relationship between the
initial seed concentration and the amyloid formation rate
observed in RT-QuIC. We have related the RT-QuIC
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Fig. 5. Analysis and quantification of prion seeding activity in various
tissues by RT-QuIC. (a) Amyloid formation rate determination over
multiple log dilutions of left ventricle, jejunum, pancreas and spleen
from a terminal CWD+ white-tailed deer. All tissues were harvested
at terminal disease. The dotted line, which is the same in each panel,
represents the rate values of the obex from the same animal. Each
point represents the mean±SD and is derived from four replicates
from two experiments. (b) LD50 equivalents (mean±SD) in 0.2 ng of
obex, left ventricle, pancreas, jejunum and spleen.
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reaction rate to an LD50 determined by a transgenic mouse
bioassay (Browning et al., 2004) in order to estimate the
relative infectivity/lethality of a given sample (Elder et al.,
2013). We have thus far analysed .20 samples and have
derived the equivalent infectivity in all samples that fell
within the linear range of the standard curve. Such
calculations and comparisons allow for assessment of the
relative levels of infectious prions present in peripheral
tissues, body fluids and excreta compared with the central
nervous system. This quantitative approach allows applica-
tion of RT-QuIC to diverse biological materials and enables
better understanding of peripheral prion accumulation
during the course of infection. Moreover, quantification of

the level of infectivity present in excreta could shed light on
the spread of CWD though elk and deer populations, and
give a more accurate picture of the reservoirs of infectious
agent present in the environment and level of exposure
required to transmit disease (Almberg et al., 2011; Angers
et al., 2009; Denkers et al., 2011, 2012; Haley et al., 2009,
2011; Jennelle et al., 2009; Mathiason et al., 2006; Miller
et al., 2004; Perrott et al., 2012; Saunders et al., 2008;
Sigurdson et al., 1999; Spraker et al., 1997; Tamgüney et al.,
2009; Williams & Young, 1980, 1982).

Our results are consistent with the formative work of
Wilham et al. (2010), which estimated infectious prion
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Fig. 6. Analysis and quantification of prion seeding activity in saliva and urine using RT-QuIC. (a) Amyloid formation rates from
the obex, saliva and urine from the same animal. (Top) Two time points post-infection for saliva and urine (6 and 9 months for
saliva; 6 and 22 months for urine) from deer 773 are shown. (Middle) Obex, saliva and urine from deer 812. (Bottom) Obex,
saliva and urine from deer 817. Each dot represents one replicate. Each sample was analysed in at least two experiments. Bar,
SD; centre line, mean. (b) Estimation of LD50 equivalents (mean±SD) for 1.0 ml saliva and urine for the same samples in (a).
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levels based on end-point dilution of seed. In addition, a
standard curve based on amyloid formation rate instead of
end-point dilution utilizes information from the whole
dilutional series. We feel more confident using the whole
dilutional series, as it is linear throughout and because the
greatest variation is typically seen in the last dilutions to
give positive reactions. The use of amyloid formation rate
is therefore more amenable to the quantification of samples
that have prion concentrations very near the end-point
dilution, such as saliva and urine, which cannot be robustly
serially diluted to find an end point. In considering the
relationship between fibril formation rate and seed concen-
tration, the present study in some ways parallels the work
of Shi et al. (2013) who described a quantitative technique
based on similar technology, but that relied on the mass of
PrPRes, as determined by western blotting. We extend these
results by demonstrating that the data fit a previously
described mathematical description of amyloid seeding and
by the application of accepted quantitative methods used in
other quantitative seeding assays, such as RT-PCR (Gibson
et al., 1996; Knowles et al., 2009; Pfaffl, 2001).

The reaction and the mathematical calculations are based
on the assumption that there are homogeneous mixtures of
seed and substrate. Clearly, this is not the case in crude
tissue homogenates or excreta in prion disease as it would
be in DNA or RNA preparations. Multiple studies have
demonstrated that there is a diverse population of prion
aggregates present in the brain, which is likely true in other
tissues as well (Prusiner et al., 1980; Silveira et al., 2005). By
including multiple replicates and experiments, we typically
yield linear best-fit models with R2 values of .0.98,
suggesting that uneven distribution of amyloid seed is not
an insurmountable obstacle in the quantification of RT-
QuIC assay results.

We have established a substantial linear range wherein quan-
tification is possible using the RT-QuIC assay. However,
inhibitors of an unknown nature are present in more
concentrated samples (Figs 1 and 2). As with all assays, the
amyloid formation rate must fall well within the linear
range of the assay in order to accurately quantify a sample.
Moreover, the best analysis would include multiple dilutions
of each sample, and demonstration that the dilutions have a
linear response and similar slope in the range assayed. Most
samples give positive reactions over at least 3 log-fold
dilutions; however, concentrations in samples such as saliva
and urine may be sufficiently low to require concentration
methods, such as PTA precipitation, to enable detection and
reduce RT-QuIC reaction inhibitors (Fig. 2). Soto and
colleagues, using sPMCA, previously reported that levels of
prions shed in neat urine were approximately equivalent to a
10210 to 10211 dilution of brain (Gonzalez-Romero et al.,
2008). Therefore, based on our detection limits using the
truncated (aa 90–231) Syrian hamster rPrP substrate, the
likelihood of positive reactions over multi-log dilutions of
excreta is reduced. Using a mean amyloid formation rate
from PTA-precipitated excreta samples, we estimated an
LD50 value for biologically relevant volumes of excreta. Our

results are consistent with transgenic mouse bioassay studies
where urine and saliva were found to contain infectious
prions, but at levels low enough to be difficult to quantify by
bioassay (Haley et al., 2009; Kariv-Inbal et al., 2006). We
found that saliva contains more prion seeding activity than
urine, which is also supported by previous bioassay studies
(Haley et al., 2009; Mathiason et al., 2006). Future work to
determine the nature of inhibitory factors, together with the
exploration of new and more sensitive substrates, will permit
more accurate quantification.

In summary, we have developed a mathematical frame-
work for determining the relative amount of amyloid seed
present in a given sample based on amyloid formation
rate. We compared the RT-QuIC amyloid formation
rate to the infectious dose of a bioassayed brain sample
to estimate the infectivity of a given biological sample.
This approach can be applied to assemble a quantitative
picture of prion infectivity in peripheral tissues and
excreta during infection, and ultimately may be useful for
quantification of seeding activity in other amyloid-asso-
ciated diseases, such as Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis and chronic trau-
matic encephalopathy.

METHODS

White-tailed deer. The Warnell School of Forestry and Natural
Resources, University of Georgia, provided white-tailed deer, which
were housed at the indoor CWD research facility at Colorado State
University. All appropriate intuitional protocols for animal handling
and treatment were followed. All animals with 800-series ID numbers
were aerosol-exposed and received two 1 ml doses of a 5 % CWD+

brain homogenate intranasally (Denkers et al., 2012). All deer with
700-series ID numbers were inoculated per os and received a single 1 g
dose of CWD+ brain orally. Tissues were sourced from terminal
necropsy from deer 816, which was inoculated through the aerosol
route.

Tissue processing. Each tissue was harvested with a clean instrument
to prevent cross-contamination. To produce 10 % homogenates, 0.05 g
of each tissue was homogenized in 500 ml 16 PBS with a Blue Bullet
bead-beater homogenizer (Next Advance). RT-QuIC analyses of tissues
from two sham-inoculated CWD– animals were negative for every
tissue analysed. Tissues were selected due to high levels of seeding
activity and may not reflect typical levels found in CWD infection.

Protein expression and purification. Recombinant Syrian hamster
PrP protein (aa 90–231) (SHrPrP) was produced in BL21 DE3
Escherichia coli via a plasmid kindly provided by Dr Byron Caughey.
Overnight Express Auto induction (EMD Biosciences) was used to
induce expression for ~24 h or until the final OD600 was at least 2.5.
Bug Buster reagent and Lysonase (EMD Biosciences) were used for
cell lysis, and inclusion body (IB) isolation was accomplished
following the protocol included with the Bug Buster reagent (EMD
Biosciences). All reagents for purification were purchased from
Sigma-Aldrich. Purification was accomplished as described previously
(Henderson et al., 2013; Wilham et al., 2010). In short, IB pellets from
a 1 l culture were solubilized in 15 ml solubilization buffer (8.0 M
guanidine hydrochloride, 100 mM NaPO4, pH 8.0) and rotated for at
least 1 h at room temperature. The solubilized IB pellet was applied to
20 ml Ni-NTA Superflow resin (Qiagen), which was washed and
equilibrated in Denature buffer (6.0 M guanidine hydrochloride,
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100 mM NaPO4, pH 8.0). The solubilized SHrPrP protein was
allowed to bind the resin for 45 min rotating at room temperature.
The resin was then loaded on to a XK16-60 column (GE Healthcare)
and put in line on a Bio-Rad Duoflow FPLC. Refolding was accomp-
lished with a 180 ml gradient at 0.75 ml min21 from Denature buffer
to Refold buffer (100 mM NaPO4, pH 8.0) followed by a 30 min
wash with Refold buffer. Then, a 100 ml gradient elution from Refold
buffer to Elution buffer (100 mM NaPO4, 500 mM imidazole,
pH 5.5) was applied to the column. All fraction tubes were prefilled
with 2 ml Dialysis buffer (10 mM NaPO4, pH 5.5). The elution peak
was pooled and dialysed overnight at 4 uC against two changes of 4 l
Dialysis buffer. A typical purification yielded 25 mg purified SHrPrP
at a concentration of 0.4 mg ml21. Protein concentration was
determined by taking the A280 and using an extinction coefficient of
25 900 in Beer’s law.

RT-QuIC assay. Assay conditions were identical to those used
previously [0.1 mg ml21 ShrPrP, 16 PBS (50 mM NaPO4, 150 mM
NaCl), 1.0 mM EDTA, 170 mM NaCl, 10 mM ThT] (Henderson et al.,
2013). The final salt concentration was 320 mM. Nunc optical
bottom black 96-well plates and Nunc clear plate adhesive covers were
used for all assays. Each RT-QuIC assay was performed for 250 cycles,
for an assay time of ~62.5 h. A cycle comprised a 15 min shaking
programme, wherein plates underwent 1 min of shaking at 700 r.p.m.
using the double orbital setting followed by 1 min of rest. Next, a read
programme was executed with an excitation setting of 450 nm and an
emission setting of 480 nm. The gain was set to 1700 and each 96-
well plate was read with 20 flashes per well with an orbital averaging
of 4.

Analysis of excreta. Saliva samples were assayed as described
previously (Henderson et al., 2013). Aliquots of 100 ml neat saliva and
7 ml 4 % PTA (Sigma) were incubated at 37 uC for 60 min with
shaking at 1500 r.p.m. The samples were then centrifuged at 17 000 g
for 30 min. PTA pellets were resuspended in 20 ml 0.05 % SDS in 16
PBS, pH 7.4 and subjected to the same RT-QuIC assay conditions as
described above. Urine cell fraction pellets were obtained from 500 ml
urine by centrifuging for 30 min at 15 000 g. Pellets resuspended in
100 ml 16 PBS with 7 ml 4 % sodium PTA solution were incubated at
37 uC for 60 min with shaking at 1400 r.p.m. Samples were then
centrifuged for 30 min at 15 000 g and pellets were solubilized for
120 min in 16 ml 0.05 % SDS. Historical analysis of saliva and urine
yielded 97.2 % (n5104) specificity for saliva and 99.3 % (n5280)
specificity for urine. No CWD2 urine or saliva sample ever yielded
more than one false-positive replicate in a single experiment.

Amyloid formation rate and Ct calculation. Ct values were
calculated by determining the time (h) when each positive reaction
exceeded a threshold (5 SD above the mean initial florescence). We
then took the inverse (1/time to threshold) of the time when the
reaction reached the threshold; this value is the amyloid formation
rate (h–1). Ct values were calculated from at least two experiments and
at least four replicates (per experiment) of each serial dilution
between 1022 and 1028. The linear range was typically between 1022

to 1024 and the loss of positivity (~1026). The linear range of each
sample was fit with the equation y5mlog(x)+b in order to
interpolate 1 LD50 given the Ct value from the bioassayed tissue.

Western blotting. All appropriate samples were treated with
proteinase K (50 mg ml21) at 37 uC for 1 h with shaking at
700 r.p.m. All samples were suspended in an equal volume of 26
Lamelli SDS sample buffer and loaded into 12 % precast SDS-PAGE
gels (Bio-Rad). Samples were electrophoresed at 190 V for 60 min,
and transferred to PVDF membranes using standard settings and pre-
purchased reagents in a Trans-Blot Turbo Transfer System (Bio-Rad).
Detection was accomplished using the Snap-ID system from Millipore
with the HRP-conjugated PrP-specific antibody BAR221.
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