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Transmissible spongiform encephalopathies (TSEs, prion
diseases) are a class of fatal neurodegenerative diseases
affecting a variety of mammalian species including humans.
A misfolded form of the prion protein (PrPTSE) is the major,
if not sole, component of the infectious agent. Prions are highly
resistant to degradation and to many disinfection procedures
suggesting that, if prions enter wastewater treatment
systems through sewers and/or septic systems (e.g., from
slaughterhouses, necropsy laboratories, rural meat processors,
private game dressing) or through leachate from landfills
that have received TSE-contaminated material, prions could
survive conventional wastewater treatment. Here, we report
the results of experiments examining the partitioning and
persistence of PrPTSE during simulated wastewater treatment
processes including activated and mesophilic anaerobic
sludge digestion. Incubation with activated sludge did not
result in significant PrPTSE degradation. PrPTSE and prion infectivity
partitioned strongly to activated sludge solids and are
expected to enter biosolids treatment processes. A large
fraction of PrPTSE survived simulated mesophilic anaerobic
sludge digestion. The small reduction in recoverable PrPTSE
after 20-d anaerobic sludge digestion appeared attributable to
a combination of declining extractability with time and
microbial degradation. Our results suggest that if prions
were to enter municipal wastewater treatment systems, most
would partition to activated sludge solids, survive mesophilic
anaerobic digestion, and be present in treated biosolids.
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Introduction
Transmissible spongiform encephalopathies (TSEs) comprise
a class of inevitably fatal neurodegenerative diseases afflicting
a number of mammalian species including cattle (bovine
spongiform encephalopathy [BSE] or “mad cow” disease),
sheep and goats (scrapie), deer, elk, and moose (chronic
wasting disease [CWD]), ranched mink (transmissible mink
encephalopathy [TME]), and humans (Creutzfeldt-Jakob
disease, fatal familial insomnia, Gerstman-Stäussler-Scheinker disease, and kuru) (1). The novel etiological agent in
these diseases is the prion, a pathogen apparently lacking
nucleic acid and composed primarily, if not exclusively, of
an abnormally folded isoform of the prion protein (designated
PrPTSE) (2). PrPTSE is a widely accepted biomarker for prions
and generally correlates with infectivity, although some
uncertainty remains as to the precise nature of the prion.
For example, prion infectivity varies with PrPTSE aggregate
size (3). Prion infection appears to propagate in host tissue
via PrPTSE-catalyzed conversion of the normal cellular prion
protein (PrPC) (4–6).
The amino acid sequence of PrPTSE and PrPC are identical,
and no differences in covalent posttranslational modification
have been reported (7). The normal and abnormal forms of
the protein differ only in conformation (7). Relative to PrPC,
the disease-specific isoform has lower R-helix and substantially higher β-sheet content (8). The biophysical properties
of the disease associated prion protein differ markedly from
those of PrPC, PrPTSE is insolvable in water and many
detergents, forms ordered aggregates and exhibits remarkable
resistance to chemical and thermal degradation (9). The prion
protein can possess zero to two N-linked glycans (7). Wellresolved immunoblots yield three bands corresponding to
the di-, mono-, and unglycosylated protein. Mass spectrometry studies indicate that >160 PrP glycoforms exist in a single
prion preparation (10).
Management of TSEs in livestock and wildlife populations
often involves harvesting large numbers of animals, creating
the need to safely and economically dispose of large volumes
of infected carcasses and other materials. Landfilling represents an economically attractive option for disposal of TSEcontaminated wastes; however, if prions migrate through
the waste mass to the leachate collection system, they may
enter municipal wastewater treatment (WWT) facilities. TSE
agents could also potentially enter WWT systems through
disposal of prion-contaminated waste by slaughterhouses,
necropsy laboratories, rural meat processors, and private
game dressing (11, 12).
The presence of prions in municipal WWT influent,
effluent or biosolids has not been reported and remains
insufficiently investigated. The possibility exists, however,
that land application of biosolids derived from WWT facilities
receiving TSE-contaminated wastes could result in the
introduction of TSE agent into the environment (13). Prions
are extraordinarily resistant to heat, UV irradiation, and many
chemicals routinely used to inactivate bacteria and viruses
(9). Little is known regarding the fate of prions in WWT
facilities, and previous risk assessments on the transmission
of prion disease via contaminated sewage sludge (12, 14)
have been hampered by lack of information on prion fate in
WWT systems and the extent of degradation during sludge
digestion. Most conventional WWT facilities rely on aerobic
biological treatment processes to remove biodegradable
organic matter and on anaerobic digestion to reduce the
mass and volume of activated sludge biomass produced.
Recent reports suggest that some bacteria may be able to
10.1021/es703186e CCC: $40.75
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degrade PrPTSE (15, 16). Proteolytic enzymes produced by
activated sludge and/or anaerobic digester sludge consortia
may be capable of inactivating prions.
In the only previous study of prion stability in WWT
processes, anaerobic digester sludge was spiked with PrPTSE
and incubated under mesophilic (37 °C) or thermophilic
(55 °C) conditions (17). Neither condition degraded all added
PrPTSE suggesting that some prion infectivity could remain
in biosolids. In the previous study, upstream processes and
infectivity were not assessed, and significant matrix interference with prion detection was reported (17). The goal of the
present study was to provide a more complete analysis of
the fate of prions during simulated WWT processes. Our
objectives were to (1) optimize PrPTSE recovery from wastewater sludge matrices; (2) determine the partitioning of PrPTSE
between activated sludge solids and supernatant; and (3)
determine the degree to which PrPTSE survives activated
sludge digestion and mesophilic anaerobic sludge digestion.
To accomplish these objectives, the partitioning and survival
of PrPTSE derived from TSE-infected hamster brain homogenate in simulated biological wastewater treatment processes was determined.

Materials and Methods
Source of Wastewater Sludges. Activated sludge mixed liquor
and mesophilic anaerobic digester sludge were obtained from
the Madison Metropolitan Sewerage District (MMSD) Nine
Springs municipal WWT plant in Madison, Wisconsin. The
plant is operated as a modified University of Cape Town
activated sludge process with mesophilic anaerobic digestion
for sludge stabilization and an average daily flow of 150 000
m3 · d-1 (40 million gallons per day, MGD). The sludge
retention time was 9 days; the annual average total suspended
solids concentration was ∼3.2 g · L-1. The secondary influent
biochemical oxygen demand was ∼150 mg · L-1. The plant
did not use chemical addition for phosphorus removal.
Activated sludge mixed liquor was collected directly from
the final aerobic tank in the aeration basin train. Anaerobic
digester sludge was obtained from a pipe on the volute drain
of the sludge recirculating pumps. The anaerobic digester
sludge had an annual average total suspended solids of ∼22
g · L-1. Samples (1 L) of both activated and anaerobic sludge
were collected at three times and used within 2 h of collection.
No detectable PrP-immunoreactivity was present in the
collected sludges (data not shown).
Source of PrPTSE. Infectious agent was prepared from
brains of hamsters clinically affected with the Hyper (HY)
strain of hamster TSE agent. Hamster brains were homogenized with a Dounce homogenizer in phosphate buffered
saline (PBS) to give a 10% (w/v) homogenate. The homogenate was stored at -20 °C. Proteinase K (PK)-treated brain
homogenate was prepared by incubating the homogenized
tissue with 50 µg · mL–1 PK (final concentration) for 30 min.
Activity of PK was blocked by adding phenylmethylsulphonyl
fluoride (PMSF) to a final concentration of 3 mM.
Immunoblot Analysis. Samples were denatured by 10
min heating at 100 °C in SDS-PAGE sample buffer (10% SDS,
100 mM Tris · HCl, pH 8.0, 7.5 mM EDTA, 100 mM dithiothreitol, 0.5% Bromophenol blue) and fractionated by SDSPAGE on 4-15% precast gels (BioRad, Hercules, CA) under
reducing conditions. Proteins were electrophoretically transferred to polyvinyl difluoride (PVDF) membranes and immunoblotted with mAb 3F4 (1:40 000 dilution) as previously
described (18). Detection was achieved with an HRPconjugated goat antimouse immunoglobulin G (1:10 000;
BioRad) and Super Signal West Pico chemiluminescent
substrate (Pierce Biotechnology, Rockford, IL).
Extraction of spiked PrPTSE from Activated and Anaerobic Digester Sludges. The following detergents were tested
for their ability to extract PrPTSE from activated sludge and

anaerobic digester sludges: sodium dodecyl sulfate (SDS, 1
and 10% in distilled-deionized water [ddH2O]), Triton X-100
(1 and 10% in ddH2O), sodium undecyl sulfate (SUS, 1 and
10% in ddH2O), and sodium N-lauryl sarcosinate (Sarkosyl,
1 and 10% in ddH2O). Infected brain homogenate (BH;
100-200 µL of 10% BH depending on the experiment) was
added to 1 mL of fresh activated sludge or anaerobic digester
sludge and vortexed for 10 min. The solid fraction was
sedimented by 7 min centrifugation at 16 100g, the supernatant was removed, and the sedimented fraction resuspended in 1 mL of extraction solution. The samples were
either heated at 100 °C or vortexed for 10 min at room
temperature and then centrifuged for 7 min at 16 100g. The
resulting supernatants were aspirated, and 25 µL of each was
analyzed by immunoblotting.
We assessed the recovery of both PK-digested and fulllength PrPTSE from each sludge by 1% SDS. The starting brain
homogenate material and extracted protein was serially
diluted (1:100) and analyzed by immunoblotting. The resultant immunoreactivity was quantified and compared using
AlphaEase software (Alpha Innotech, San Leandro, CA). All
extraction experiments were repeated at least three times.
PrPTSE Partitioning between Activated Sludge Solids and
Supernatants. To assess PrPTSE partitioning between activated
sludge solids and liquid, 100 µL of 10% infected BH was added
to 1 mL of fresh activated sludge. As a control, 100 µL of 10%
infected BH homogenate was diluted into 1 mL of PBS and
handled identically (sludge-free control). The samples were
rotated for 7 h at 20 rpm at room temperature to simulate
operating conditions at the full-scale Nine Springs WWT
facility and then allowed to settle fully by gravity (∼10 min.).
The supernatant was separated from the solid fraction by
pipet. The solid fraction was extracted in 1% SDS with
vortexing. The PrPTSE present in the sludge solids extracts
and supernatants were examined by SDS-PAGE with immunoblotting. These experiments were conducted in
triplicate.
Simulated Mesophilic Anaerobic Sludge Digestion. We
examined the amount of PrPTSE recoverable after 10 and 20
days of simulated mesophilic anaerobic sludge digestion. In
a WWT facility, any PrPTSE entering the anaerobic sludge
digester would have undergone activated sludge digestion
and would be embedded in activated sludge floc. We therefore
incubated infected brain homogenate (150 µL of 10%) with
1 mL of activated sludge as described above. After mixing
and settling, the supernatant was aspirated and stored at
-20 °C, and the BH in activated sludge solids was used for
the anaerobic sludge digestion.
To initiate anaerobic sludge digestion, the BH/settled
activated sludge solids mixture (67 µL) was mixed with 933
µL of anaerobic digester sludge, in triplicate, in microcentrifuge tubes. The remaining BH/settled activated sludge solid
mixtures were snap frozen in liquid N2 and stored at -80 °C.
The anaerobic digester sludge + BH/settled activated sludge
solids samples were placed in an N2-purged, pear-shaped
glass flask (fitted with a pressure release valve), and simulated
anaerobic sludge digestion was conducted for 10 or 20 days
in the dark at 37 °C. To determine the initial amount of PrPTSE
in the simulated anaerobic digester sludge, a 200 µL aliquot
was removed from each flask intended for 10 day digestion
prior to incubation, snap frozen in liquid N2, and stored at
-80 °C (t ) 0). At the conclusion of the 10 and 20 day
incubations, the microcentrifuge tubes were removed from
the flask, snap frozen in liquid N2, and stored at -80 °C. Prior
to immunoblot analysis, PrP was extracted from the samples
as described above.
To further investigate the reduced recovery of PrPTSE after
simulated anaerobic sludge digestion, mesophilic anaerobic
digester sludge was treated prior to addition of infected BH
by each of the following methods: autoclaving, γ-irradiation,
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and addition of protease inhibitors, and sodium azide
poisoning. Autoclaving (30 min at 121 °C on a liquid load)
inactivates microorganisms, denatures microbial proteases,
and may alter the physical and chemical properties of sludge.
γ-irradiation (16 h on a J.L. Shepherd Mark I irradiator
equipped with a 137Cs source for a total dose of 7.5 kGy)
effectively inactivates the majority of microorganisms (19)
in complex environmental matrices without significantly
altering the matrix (20). The dose employed was sufficient
to effect >4 log unit reduction in fecal coliform counts in
wastewater sludges (21). This treatment was not expected to
inactivate extracellular proteases. Anaerobic digester sludge
microorganisms synthesize a variety of intra- and extracellular
proteases, some of which could (partially) degrade PrPTSE.
To inhibit these microbial proteases, a premixed protease
inhibition cocktail designed to inhibit 50 mL of cell extract
(Complete Protease Inhibiton tablets Roche, Basel, Switzerland) was used. The cocktail contained EDTA to inhibit
metalloproteases and 4-(2-aminoethyl)-benzenesulfonyl fluoride to inhibit both cysteine and serine proteases. The entire
portion of the cocktail was added to 50 mL of anaerobic
digester sludge. Sodium azide inhibits a number of respiratory
enzymes in aerobic bacteria, resulting in slowed growth
(22–24). NaN3 (0.5 g) was added to 50 mL of anaerobic digester
sludge to allow comparison with previous work (17). These
manipulated sludges were treated the same as the fresh
anaerobic digester sludge.
After thawing the samples, 200 µL aliquots of the anaerobic
digester sludge were dewatered by a 10 min centrifugation
at 1800g to attain ∼5% solids by mass (approximate dry weight
achieved by MMSD in belt filtration of biosolids). The
supernatant was removed, and a 40 µL aliquot was analyzed
by immunoblotting. The pellet was resuspended by 10 min
vortexing in 200 µL of 1% SDS, followed by a 7 min
centrifugation at 16 100g; a 40 µL aliquot of the resultant
extract was analyzed by immunoblotting.
Oral Infectivity Assay. Animal bioassays were used to
examine the partitioning of prion infectivity between activated sludge solids and liquid. Infected brain homogenate
(0.1% w/v) was incubated in 1 mL of activated sludge, and
Syrian hamsters were orally dosed with activated sludge solids
or supernatant after gravity settling. As a positive control,
0.1% infected brain homogenate was orally administered to
hamsters. Following oral dosing, hamsters were observed
twice weekly for the onset of clinical symptoms (25) for 435
days.

Results and Discussion
Extraction of Spiked PrPTSE from Activated and Anaerobic
Digester Sludge Solids. Prior to investigating PrPTSE survival
during simulated wastewater treatment processes, we evaluated the ability of several detergents to extract PrPTSE from
activated and anaerobic digester sludge solids. Two concentrations (1 and 10%, w/v) of each of four detergents were
investigated: SDS, SUS, Triton X-100, and Sarkosyl. Sodium
dodecyl sulfate is an anionic surfactant commonly used for
protein denaturation and solubilization. Sodium undecyl
sulfate differs from SDS by one methylene group and
facilitates disaggregation of prion rods (3). Triton X-100 is a
nonionic surfactant that has been employed for bulk extraction of proteins from sludge (26). Sarkosyl (N-dodecyl-Nmethyl glycine) is an anionic surfactant commonly used in
the preparation of PrPTSE-enriched brain fractions (27, 28).
For both activated and anaerobic digester sludge, PrPTSE
was efficiently recovered using 1% SDS (Figure 1A and B).
PrPTSE was also efficiently extracted by 10% SUS and 1%
Sarkosyl (anaerobic digester sludge only). Extractions with
1% SDS at 100 °C were less efficient for both the activated
and anaerobic digester sludge compared to 10 min vortexing.
Because of the low concentration needed and compatibility
5256

9

ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 14, 2008

FIGURE 1. PrPTSE extraction efficiency from aerobic and anaerobic
sludge using 1% SDS. Brain homogenate (BH) or proteinase K
(PK)-treated BH was incubated with each sludge and extracted
using 1% SDS and vortexing. Extracted protein was compared to
starting material by immunoblot analysis and densitometry. A
minimum of three independent replicates were used for each
experiment. (A) Extraction from aerobic sludge, (B) extraction from
anaerobic sludge, (C) densitometric measurements of extraction of
full-length and truncated PrP from each sludge relative to the
highest densitometric value observed. Error bars represent the
standard deviation of these densitometric measurements. A.U. )
absorbance units.
with SDS-PAGE, we used 1% SDS and vortexing for all
subsequent extractions. The recovery of full-length and PKtreated PrPTSE from both aerobic and anaerobic sludges by
1% SDS extraction was determined by comparing densitometric measurements of the starting material and the
extracted protein on the immunoblots. For the aerobic sludge,
recovery of full-length PrP was approximately 67% and PKtruncated PrP was approximately 61% (Figure 1). Extraction
from the anaerobic sludge was approximately 71 and 52%
for untreated and PK-treated PrP, respectively (Figure 1).
Partitioning of PrPTSE between Activated Sludge Solids
and Liquid. As an initial step toward understanding the fate
of prions if they were to enter a WWT facility, we examined
the partitioning of PrPTSE between activated sludge solids
and liquid. To the limits of immunoblotting detection, PrPTSE
partitioned to the gravity-settled activated sludge solids
(Figure 2A). Based on the detection limits for our immunoblots (Figure 2B), >99% of the PrPTSE is expected to partition
to activated sludge floc during contact with the sludge. Thus,
a large fraction of PrPTSE entering an activated sludge system
would be removed from suspension and routed to anaerobic
sludge digestion.
Oral bioassay of the supernatant and settled solids
fractions from the simulated contact with activated sludge
demonstrated that all detectable infectivity was associated
with the sludge solids (Table 1). Disease penetrance and
incubation period (measures of prion infectivity in bioassay)
were approximately the same for the sludge solids and the
positive (equal volume of 0.1% w/v infected brain homogenate) controls. These data suggest that, under the secondary
clarification conditions simulated, that prion infectivity

FIGURE 2. (A) Partitioning of PrPTSE between supernatant and
activated sludge solids. (B) Immunoblot sensitivity. PrPTSE was
semiquantitatively assessed by serial dilution to the limit of
immunoblotting detection. The dilution at which no detectable
immunoreactivity remained provided a basis for comparison with
samples lacking immunoreactivity before dilution. Abbreviations:
PK, proteinase K; Solids, settled activated sludge solids; Sup,
supernatant (PrPTSE not associated with settled activated sludge
solids).

TABLE 1. Partitioning of Oral Infectivity Following Settling of
Activated Sludgea

inoculum

HY BH (0.1% weight/volume)

positive
animals/
total
animals
4/8

onset of
clinical
symptoms
(dpi)b
150, 185,
192, 209

supernatant from activated
0/8
sludge spiked with 0.1% HY BH

not applicable

settled fraction from activated
6/8
sludge spiked with 0.1% HY BH

192, 192, 209,
209, 223, 353

a
Abbreviations: BH, brain homogenate; dpi, days post
inoculation; HY, Hyper strain of hamster-adapted transmissible mink encephalopathy. b Animals showing no
clinical signs of TSE infection were sacrificed 435 dpi.

partitioned in a similar manner as did PrPTSE and that
infectivity was not diminished by contact with settled
activated sludge solids. We present these data with the caveat
that the amount of infectivity measured in the settled activated
sludge solids and in the control were near the limit of detection
for oral bioassay. Based on the immunoblotting and infectivity
assay results, we focused the subsequent investigations on prion
survival during downstream biosolids processing.
Partitioning experiments conducted with the anaerobic
digestor sludge gave similar results as the aerobic sludge,
with all detectable PrPTSE partitioning to the solid portion
(Figure 3). None of the physical and chemical treatments
employed to manipulate the sludge had any detectable effect
on protein partitioning.
Survival of PrPTSE during Simulated Mesophilic Anaerobic Digestion. We examined the survival of PrPTSE through
a WWT facility using a laboratory model designed to simulate
the secondary treatment and sludge solids handling processes
used at the Nine Springs WWT facility (Figure 4A).
A significant fraction of PrPTSE survived both 10 and 20
day anaerobic sludge digestion (Figure 4B). No loss of PrPTSE
was noted during the 7 h simulated activated sludge
incubation (Figure 2A) and, as expected, PrPTSE partitioned
primarily to the solids. Recovery of PrPTSE from anaerobic
digester sludge was not complete at t ) 0 (Figure 4B),
suggesting that some PrPTSEwas associated with the solids in

FIGURE 3. Extractability and partitioning of PrPTSE in
unmanipulated and manipulated anaerobic digester sludges.
Abbreviations: SDS, extraction from settled anaerobic digester
solids with 1% SDS; Sup, supernatant fraction from settled
anaerobic digester solids.
a nonextractable state. Although we observed a substantial
decline in detectable PrPTSE over the entire 20 day simulated
anaerobic sludge digestion (Figure 4B), significant levels of
PrPTSE were still present. Two processes could have contributed
to the decline in detectable PrPTSE during the duration of the
anaerobic digestion: (1) changes in the interaction between
PrPTSE and the sludge solids and (2) microbial degradation.
Declines in extractability could be due to the strengthening of
interactions between PrPTSE molecules and anaerobic digester
sludge solids during the 20 days. If the decline was due to
degradation, our results suggest that although anaerobic digester
sludge flora can degrade PrPTSE,, microbial activity was insufficient to completely degrade PrPTSE within 20 days. This may
reflect degradation of more labile PrPTSE and the persistence of
more recalcitrant PrPTSE (29). Any PrPC in the brain homogenate
would be expected to have been degraded during the 7 h
activated sludge digestion.
Effect of Sludge Inactivation. To investigate whether the
observed decrease in detectable PrP was the result of
microbially mediated degradation or physicochemical processes influencing the ability to extract and/or detect the
protein, we altered microbial activity in the anaerobic digester
sludge by γ-irradiation, protease inhibition, autoclaving, and
poisoning with NaN3. γ-Irradiation destroys nucleic acids
while leaving the cells intact and appears to be the least
intrusive means to sterilize complex environmental samples
(20). This method is not expected to inactivate extracellular
proteases. We, therefore, added a cocktail of protease
inhibitors to a second set of anaerobic digester sludge
samples. In a previous study, Kirchmayer et al. (17) attempted
to recover PrPTSE from anaerobic digester sludge inactivated
by either steam sterilization (121 °C) or poisoned with 1%
NaN3. Inexplicably, PrPTSE degradation appeared to increase
after these treatments (17). We, therefore, examined both
autoclaved and NaN3-poisoned anaerobic digester sludge to
compare our findings with those of Kirchmayer et al. (17).
The inactivation methods employed did not substantially
alter PrPTSE extractability by 1% SDS (Figure 3).
Incubation of PrPTSE in anaerobic sludge inactivated by
techniques designed to reduce the count of living cells (viz.
γ-irradiation and autoclaving) appears to increase the amount
of PrPTSE recovered after 10 and 20 days compared to
untreated sludge (Figure 4B). This increase in signal suggests
that the γ-irradiation and autoclaving either inactivated
bacteria responsible for degradation of PrPTSE or inhibited
processes resulting in the uptake of protein, thus increasing
extractability. Azide and protease inhibitor treatment of the
sludge had little effect on the amount of PrPTSE recovered
compared to untreated sludge. We note that most anaerobic
digester sludge microorganisms are obligate anaerobes (30).
Sodium azide is not effective in inhibiting the respiration of
VOL. 42, NO. 14, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 4. (A) Flowchart of simulated mesophilic anaerobic sludge experiments. (B) PrPTSE recovery after 0-20 day incubations with
unmanipulated and manipulated anaerobic digester sludge. Day indicates the time infected brain homogenate was exposed to
anaerobic sludge under mesophilic conditions (i.e., 37 °C).
strict anaerobes, and may actually improve their growth
conditions by eliminating competition from any aerobes
present; NaN3 has been used as a selective agent for anaerobes
(31). This may explain the increased loss of PrPTSE in NaN3treated anaerobic sludge previously reported (17).
Implications for Management of Prion-contaminated
Influent. Our results indicate that most PrPTSE would pass
through WWT facilities employing activated sludge treatment
followed by mesophilic anaerobic sludge digestion. Prions
would most likely be confined to biosolids and not discharged
into local bodies of water, provided that the secondary clarifier
effectively removes suspended solids. Contamination of
treated biosolids thus represents the primary risk associated
with entry of prions into municipal WWT facilities. While
PrPTSE degradation was observed in our simulated anaerobic
sludge digestion, a significant amount of detectable PrPTSE
survived this treatment. Our conclusions are based on
immunochemical measurements of PrPTSE and PrPTSE-tosludge ratios far exceeding those expected to occur in a WWT
facility. The time-dependent decline in PrPTSE extractability
from anaerobic digester sludge solids may reduce the oral
transmissibility of biosolids-associated prions. Further studies
using additional animal bioassays are warranted to assess
retention of infectivity of biosolids-associated prions.
While this study was motivated by the need to understand
the fate of CWD and BSE agents in WWT systems, reports of
urinary prion excretion may raise concern about the introduction of human prions into WWT facilities. We note that
some reports of urinary excretion of PrPTSE by CJD patients
and TSE-infected animals (32) have not been substantiated
by others (33), and may have been artifactual (34). However,
urinary prion excretion at levels typically e0.5 intracerebral
infectious units (IU50) · mLurine-1 has been demonstrated in
scrapie-infected mice that have concurrent kidney infection
(35). To put the potential risk of urinary shedding of human
prions by CJD patients into context, consideration of the
amount of prions potentially entering WWT facilities and
ultimately land applied in biosolids is instructive. The
incidence of sporadic CJD is 0.5-1.0 case in a million (36).
For this analysis, we assume that one CJD patient lives in a
5258
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population served by a 150 000 m3 · d-1 WWT plant (the size
of the MMSD plant serving a population of ∼300 000) and
excretes 2 L of urine per day containing the same prion
concentration as reported for scrapie-infected rodents with
concurrent nephritis (35). Because oral exposure rather than
intracerebral inoculation is relevant for our analysis, we
express prion infectivity in terms of oral IU50. Based on data
from rodent models, oral transmission of prion disease is
less efficient than intracerebral inoculation by a factor of
∼105 (37). Under this scenario, acquisition of a sufficient
dose of prions to cause disease (i.e., 1 IU50) would require
consumption of > 1010 Lwastewater. To calculate the amount of
human prions in biosolids-amended agricultural soils, we
assume that all prions entering the WWT plant partition to
activated sludge solids and survive biosolids treatment, the
plant produces ∼21 000 kgbiosolids · d-1, and an application rate
to agricultural fields of ∼4000 kgbiosolids · ha-1. These latter two
values are based on the performance of the Nine Springs
treatment plant and the practice of MMSD. Assuming an
ingestion rate of 5 gsoil · d-1 (considered a reasonable upper
bound for a child with habitual pica; ref 38) and that all soil
ingested originated from a biosolids-amended field, intake
over a 70 year period would not exceed 1 oral IU50, even
accounting for possible enhanced transmission of soil
particle-bound prions (39). These analyses lead us to conclude
that any risk associated with the entry of human prions into
WWT facilities is exceedingly small.
We further emphasize that, to date, prions have not been
reported in wastewater influent, effluent or biosolids. Immunochemical methods (e.g., immunoblotting, enzymelinked immunosorbent assays) lack the sensitivity needed to
detect prion protein in wastewater, biosolids and other
environmental media. Recent advances in prion detection
(e.g., refs 40–42) may lead to methods that are sufficiently
sensitive to measure prions in environmental matrices.
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