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Spiroplasma spp. have been proposed to be the etiological agents of the transmissible spongiform enceph-
alopathies (TSEs). In a blind study, a panel of 20 DNA samples was prepared from the brains of uninfected
hamsters or hamsters infected with the 263K strain of scrapie. The brains of the infected hamsters contained
=10"? infectious doses/g. The coded panel was searched for bacterial 16S rRNA gene sequences, using primers
selective for spiroplasma sequences, primers selective for mollicutes in general, and universal bacterial
primers. After 35 PCR cycles, no samples were positive for spiroplasma or any other bacterial DNA, while
control Spiroplasma mirum genomic DNA, spiked at 1% of the concentration required to account for the scrapie
infectivity present, was readily detected. After 70 PCR cycles, nearly all samples yielded amplified products
which were homologous to various bacterial 16S rRNA gene sequences, including those of frequent environ-
mental contaminants. These sequences were seen in uninfected as well as infected samples. Because the
concentration of scrapie infectivity was at a known high level, it is very unlikely that a bacterial infection at the
same concentration could have escaped detection. We conclude that the infectious agent responsible for TSE

disease cannot be a spiroplasma or any other eubacterial species.

The identity of the causal agents of the transmissible spon-
giform encephalopathies (TSEs)—neurodegenerative diseases
which include scrapie in sheep, Creutzfeldt-Jakob disease
(CJD) in humans, bovine spongiform encephalopathy in cattle,
and chronic wasting disease in deer and elk—has been a major
source of controversy since these diseases were shown to be
transmissible (41, 43, 17, 38). Early experiments showing that
TSE infectivity passed through bacterial filters (54) and was
resistant to disinfection by common bacteriocides (27, 10, 41,
42, 9) seemingly eliminated bacteria as the agent. However, the
discovery in the 1970s of spiroplasmas, very small, thermo-
stable, wall-less, helical-fibrillar bacteria that pass through
0.2-wm bacterial filters and show remarkable resistance to
many common biocides including heat (47), provided a possi-
ble bacterial candidate for the infectious agent of TSEs. There
have also been reports of spiral structures resembling spiro-
plasmas in brain tissue from CJD patients (2, 23, 39, 33),
although other investigators have suggested these structures
might be artifactual (24, 28). Moreover, no spiroplasmas could
be cultured from CJD brain tissue (32). Intracranial inocula-
tion of Spiroplasma mirum into new-born hamsters (31), suck-
ling rats (5), or suckling mice (16) produces central nervous
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system disease, though not a progressive spongiform enceph-
alopathy (16).

More recently, Bastian et al. (3, 4) have reported the pres-
ence of spiroplasma-specific 16S rRNA genes in brain tissue
taken at autopsy/necropsy from TSE-infected humans and an-
imals. PCR amplification of 16S rRNA genes, or “ribotyping,”
is a powerful method for detecting and identifying microbial
agents in environmental and clinical specimens. Universal
primers that are complementary to sequences that are highly
conserved across all eubacteria can be used to span sequences
that vary with class, genus, or species and uniquely identify
specific bacteria (55, 50). Ribotyping has been successfully
applied to the phylogenetic analysis and detection of species in
the genus Spiroplasma (21) and in the closely related genus
Mycoplasma (51, 48), whose members are even smaller than
spiroplasmas.

The spiroplasma sequences reported by Bastian et al. were
detected in humans, sheep and deer (3, 4), species for which
the concentration of infectivity in brain and other tissues is
uncertain but is suspected to be lower and more variable than
that obtained in well-characterized experimental rodent mod-
els. The 263K strain of hamster-adapted scrapie used in this
study reliably produces the highest titers in brain known for
any TSE disease. We have searched for bacterial 16S ribo-
somal sequences in a coded panel of genomic DNA from
scrapie-infected and uninfected hamster brains using both con-
ventional and nested PCR, two different reagent formats, and
three different oligonucleotide primer pairs. One set of prim-
ers was selective for the genus Spiroplasma. A second set was
more broadly selective for bacteria in the Mollicutes class, to
which both Spiroplasma and Mycoplasma belong. The third set
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FIG. 1. PCR amplification (30 cycles) of genomic DNA from M.
arginini (M) and S. mirum (S) using universal primers, showing that the
limit of detection of these agents by our methods is 1 to 0.1 pg.

were broad-range universal bacterial primers, known to detect
virtually all known eubacteria.

MATERIALS AND METHODS

Nucleic acid extraction. Using procedures that minimized microbial contam-
ination, brains were collected in our biosafety level 3 facility from 10 normal
golden Syrian hamsters and from 10 hamsters in the late stage of clinical infec-
tion with the hamster-adapted 263K strain of scrapie. Half of the brains (five
normal and five scrapie-infected) were from animals obtained from Charles
River, and the other half were from animals obtained from Harlan. Genomic
DNA was extracted using DNAzol solution (guanidium thiocyanate; BRL, Life
Technologies, MD) according to the manufacturer’s directions and purified by
digestion with proteinase K, RNase A, and extraction with phenol-chloroform-
isoamyl alcohol. Aliquots of the DNA were digested with EcoRI and analyzed on
a 1.0% agarose gel to assess the quality of the DNA. The restriction patterns
were consistent with those of high-molecular-weight DNA. Each genomic DNA
sample was diluted to 100 ng/ul in 50 mM Tris, 1 mM EDTA, pH 8.0.

The hamster DNA samples, labeled as to source, were sent to an independent
laboratory at the National Heart, Lung, and Blood Institute (NHLBI), where the
samples were randomized, relabeled, and sent back to our laboratory as a blind
panel. All experiments were performed “blind”, with the disease status and
source of the hamster DNA samples unknown to the investigators. After return
from NHLBI, an aliquot from each sample was amplified using PrP or p53
primers to check the integrity of the sample DNA. All DNAs amplified well. The
entire panel was then split into multiple replicates by dividing each coded sample
into aliquots. The replicates were stored at —80°C until use. Once all PCR and
sequencing results, including all replications, had been completed, recorded in
writing, and presented to NHLBI, the code was broken and samples were iden-
tified as infected or normal.

Positive control DNA was prepared from Spiroplasma mirum and Mycoplasma
arginini. Each bacterium was grown to logarithmic stage in 100 ml of M1D
medium (52) at 30°C. Genomic DNA was extracted using proteinase K digestion
and phenol-chloroform as described previously (22). Tenfold serial dilutions
from 1 ng to 10 fg of total DNA were used to optimize the sensitivity of detection
under each set of PCR conditions, as illustrated in Fig. 1.

PCR primers. The sequences of spiroplasma and mollicute primer sets (Table
1) were provided by F. Bastian (personal communication). SpF corresponds to
“F28”, and MoF and MoR correspond to “F1” and “R3,” respectively, of the
work of Bastian and Foster (4). These primers correspond to regions of the 16S
rRNA gene that are conserved or somewhat conserved (25, 37). Although the
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spiroplasma primer set was more specific for Spiroplasma species than was the
mollicute primer set, other experiments have shown that the spiroplasma primers
were not exclusively specific for spiroplasmas, in that they detect bacterial species
in at least three mollicute genera other than Spiroplasma (G. Gasparich, unpub-
lished).

The sequences of the broad-range universal primers (Table 1) are comple-
mentary to highly conserved regions of the 16S rRNA gene (25, 37) and are
commonly used to detect bacteria nonspecifically (55, 46).

All oligonucleotides were synthesized on an Applied Biosystem, Inc., DNA
synthesizer by the Biopolymer Laboratory of the University of Maryland, Balti-
more.

PCRs. Each PCR experiment included a negative control containing PCR-
grade water as a DNA-free template and positive controls consisting of 0.1 pg
and/or 1.0 pg of S. mirum genomic DNA and 1.0 pg of M. arginini genomic DNA.
In addition to these controls, which were run with every amplification and on
every gel, each coded sample in an experiment was amplified: alone, spiked with
1 pg S. mirum DNA, and spiked with 1 pg M. arginini DNA. A fourth aliquot of
each sample was amplified with primers for either the PrP gene or the p53 gene
to assess the quality of the genomic DNA and the presence of possible inhibitors
of the PCR.

Amplifications were performed with a Perkin-Elmer GeneAmp PCR System
9700 instrument. To prevent cross-contamination, separate areas of the labora-
tory were used for handling the DNA and for assembling the PCRs. The hood in
which PCRs were assembled and run was UV irradiated, and all PCR reagent
mixtures were filtered through Centricon 100 columns (Millipore, Bedford, MA)
before use.

Each amplification was conducted with 40 ng of hamster brain DNA. Ampli-
fication with the mollicute and spiroplasma primers followed the protocol de-
scribed by Bastian et al. (4) using Pharmacia Ready-To-Go beads, which contain
all reaction components except for template DNA and primers. Each bead was
reconstituted with 25 wl of water, which was 0.6 pM in each primer; 40 ng of
sample DNA (4 pl of a 10-ng/ul stock) was added to this. Cycling began with a
4-min melt at 95°C, followed by three cycles of 94°C (30 s), 59°C (30 s), 72°C (30
s), and then 32 cycles of 94°C (30 s), 56°C (30 s), 72°C (30 s), and a final extension
at 72°C for 7 min. For nested PCR, a 1:10 dilution of the product of amplification
with mollicute primers was used for a further amplification of 35 cycles using the
spiroplasma primers under the same conditions.

Amplification with the universal primers used reagents from Perkin-Elmer
Cetus, including AmpliZag DNA Polymerase LD, optimized for detection of
low-copy-number (<1,000) bacterial DNA sequences. For each sample, 40 ng of
DNA was amplified in 50 pl of a reaction mixture whose final concentration was
50 mM KCI, 10 mM Tris HCI (pH 8.3), 1.5 mM MgCl,, 3.3 mg/ml bovine serum
albumin, 0.6 pM (each) primer, 0.2 mM (each) deoxynucleoside triphosphate,
and 1.25 U/50 pl AmpliTag DNA Polymerase LD. The thermal profile employed
a 4-min melt at 95°C, followed by 35 cycles of 94°C (30 s), 56°C (30 s), 72°C (30
s), and a final extension at 72°C for 7 min.

In some cases, additional cycles with the universal primers were performed
using a 1:10 dilution of the first-round product and the same conditions as for the
first round. In other cases, nested PCR was performed using the spiroplasma
primers and a 1:10 dilution of the first-round product, following the Pharmacia
Read-To-Go bead protocol.

Cloning and sequencing of amplified products. PCR products were analyzed
and purified by agarose gel electrophoresis on ethidium bromide-stained gels and
cloned into the plasmid pCR 2.1 using an Original TA cloning kit (Invitrogen).
Recombinant clones were picked and grown in 5 ml Luria-Bertani medium
overnight, and recombinant plasmid DNAs were extracted using miniplasmid
preparation kits (QIAGEN). Cloned products were sequenced in both directions
using an ABI PRISM sequencer, and resulting sequences were analyzed for

TABLE 1. Specificity and sequence of 16S rRNA gene primers”

Name Description Sequence (5’ to 3) Location
UnF Broad-range, universal bacterial primer, forward GAGTTTGATCCTGGCTCAG 9-27

UnR Broad-range, universal bacterial primer, reverse GGACTACCAGGGTATCTAAT 805-786
MoF Mollicute class-selective primer, forward ACATAGGTGGCAAGCGTTATC 534-554
MoR Mollicute class-selective primer, reverse CTATTTGCTCCCTACGCTTTC 784-764
SpF Spiroplasma genus-selective primer, forward GCGCAGACGGTTTAACAAG 578-596
SpR Spiroplasma genus-selective primer, reverse TTCGCCACTGGTGTTCCTC 729-747

“ Nucleotide numbers are referenced to E. coli 16S rRNA gene sequence (7). The single base in bold font in the MoR primer indicates the one difference between

this primer and R3 of the work of Bastian et al. (4).
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TABLE 2. Calculated detectability of representative mollicutes, if
they were responsible for infectivity in TSE-infected brain®

No. of No. of
Organism (description) kbp/genome ’ Fold excess
(reference) genomes/pg

Spiroplasma citri 1,820 (56) 535 207

(largest known

spiroplasma)
Spiroplasma mirum 1,300 (15) 750 148
Spiroplasma platyhelix 780 (53) 1249 89

(smallest known

spiroplasma)
Mycoplasma arginini 610 (51) 1598 69
Mycoplasma genitalium 580 (45) 1680 66

(smallest known
bacterium)

¢ Since 1 pg of S. mirum or M. arginini was readily detected in these studies, the
number of genomes present in 1 pg was calculated for each mollicute shown,
assuming an average molecular mass of 618 Daltons per bp. This was compared
with 111,000, the number of agent genomes that must be present in 40 ng of
DNA from scrapie-infected hamster brain, given that 1 g of brain contains 10
1D, of scrapie infectivity and yields 2.5 mg of total DNA and assuming that one
genome is responsible for one infectious dose (which corresponds to 1.44 IDs).
The ratio between the number of genomes in 1 pg of each molicute DNA (which,
when spiked, was readily detectable by 35 cycles of PCR) and the number of
genomes present in the 40-ng hamster brain DNA sample is the “fold excess-
“over the detection limit. This is a worst-case calculation. If the specific infec-
tivity is less than 1 infection per organism or if the 16S rRNA gene copy number
is greater than 1 (see reference 20), then the “fold excess” ratio will increase
proportionately.

homologies to known genes, using the BLAST algorithm (http://www.ncbi.nlm
.nih.gov/blast).

Calculations of “infectious dose” equivalents of mollicute DNA. The hamster
brain contains approximately 2.5 mg of total DNA/g, and brains taken from
scrapie-infected hamsters at late-stage disease contain =10'" infectious doses
which cause disease in 50% of animals inoculated (IDs)/g(6, 36, 26). Thus, a
40-ng sample of genomic DNA from hamster brain, which is the sample size used
in these PCR experiments, can be calculated to contain 1.6 X 10° IDs, or 1.1 X
10° infectious doses (ID), since 1 IDs, corresponds to 1.44 ID. The genome size
of S. mirum is 1,300 kbp (15), and that of M. arginini is 610 kbp (51). Assuming
an average molecular mass of 618 Da per bp, there are 750 genomes in 1 pg of
S. mirum DNA and 1,560 genomes in 1 pg of M. arginini DNA. Thus, our
methods readily detect 750 genomes of S. mirum and 1,560 genomes of M.
arginini. If one TSE infectious dose is taken as one genome, then our methods
can detect at least 1.1 X 10%/750 = 150 times the amount of S. mirum DNA and
at least 1.1 X 1051600 = 70 times the amount of M. arginini DNA that is
necessary to account for the infectivity in a 40-ng sample, if the extraction of
mollicute DNA is assumed to be comparable in efficiency to that of hamster
DNA. These calculations are summarized and extended to other mycoplasmas in
Table 2.

RESULTS

PCR with mollicute and spiroplasma primers. PCR condi-
tions using Pharmacia Ready-To-Go beads and mollicute-se-
lective and spiroplasma-selective primers were optimized for
the detection of the positive controls of S. mirum and M.
arginini genomic DNA. The conditions chosen provided for
detection and amplification of as little as 0.1 pg of S. mirum
DNA alone, and detection of 1 pg of S. mirum and M. arginini
DNA in 40 ng genomic DNA from hamster brain tissue was
successful. The first round of amplification with the mollicute
primer set yielded a PCR product of 250 bp with the S. mirum
or M. arginini controls as a template. In tests of the integrity of
the hamster genomic DNA, primers for the prion gene ampli-
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FIG. 2. Gel bands of PCR products of three different samples from
the coded panel. (A) First round of nested PCR (30 cycles). First lane
shows 100-bp DNA ladder, included as molecular size marker. Lanes
with an asterisk show sample plus mollicute primers (Mo) alone. All
other lanes are controls, with PrP primers (PrP) to test for integrity of
the sample DNA or mollicute primers plus spikes of 1 pg S. mirum
DNA (s1), 0.1 pg S. mirum DNA (50.1), or 1 pg M. arginini DNA (m1).
No products were detected in any of the unspiked samples after first-
round PCR with mollicute primers. (B) Second round of nested PCR
(30 cycles). Lanes with an asterisk show sample plus spiroplasma prim-
ers (Sp) alone. All other lanes contain sample with the same spikes as
in panel A. After second-round PCR with spiroplasma primers, prod-
uct was found in one sample, which proved to be from uninfected
normal hamster brain.

Infected

fied an appropriately sized fragment from every sample (Fig.
2A).

After 35 cycles of amplification with either the mollicute
primers (Fig. 2A) or the spiroplasma primers (data not shown),
there were no PCR products in any unspiked sample, indicat-
ing the absence of mollicute bacterial DNA at a level over 1 pg
in any of the 20 coded samples.

To increase the sensitivity of detection, the product of the
amplification with the mollicute primers was amplified with the
spiroplasma primers (Fig. 2B). Nested PCR readily detected S.
mirum at the 0.1-pg level, producing 150-bp fragments in both
the buffer controls (data not shown) and when spiked into the
brain DNA samples. The M. arginini control was not detected
by the spiroplasma primers (Fig. 2B), even after amplification
in the first round of PCR. When the sequence of the spiro-
plasma primers was checked against the 16S rRNA gene se-
quence of M. arginini, it was found that there were no homol-
ogies to the primers present in the M. arginini gene.

For about a fourth of the unspiked samples, the nested PCR
generated product during the second round. This nested PCR,
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performed with mollicute primers followed by spiroplasma
primers, was repeated four or more times for each sample in
the panel, with similar results. In each case there were no PCR
products in any unspiked sample after the first round, but
about a fourth of the samples generated product during the
second round. However, the particular samples which yielded
product differed from experiment to experiment and included
DNA from both infected and uninfected hamsters.

The PCR products from the second round of amplification
were cloned and sequenced for two of the experiments. In one
instance, one of the sequences isolated was 100% homologous
to S. mirum DNA. Once the code was broken, the sample that
produced this product proved to be an uninfected sample, and
the S. mirum sequence was judged to result from an inadver-
tent contamination with the positive control S. mirum spike.
None of the other cloned sequences matched sequences from
any mollicutes, but they were homologous to 16S rRNA gene
sequences from a variety of known and unknown bacteria,
including Acidovorax, Variovorax, and Aquaspirillum, bacterial
species which are naturally found in environmental water
sources and which can be isolated from purified water systems
(29, 13, 34, 30). These sequences were found as frequently in
uninfected samples as in infected samples and only after 70
cycles of amplification. This is consistent with a very low level
of nonspecific contamination of the laboratory or the PCR
reagents by bacteria or their DNA.

PCR with broad-range universal bacterial primers. To
screen generically, we also amplified the panel using universal
bacterial primers that detect virtually any eubacterium. The
universal primers generated an 834-bp amplification product
with the S. mirum and M. arginini controls. After 35 cycles of
PCR using the universal primers, no amplified product was
observed in any unspiked sample (Fig. 3A). This experiment
was repeated four times or more for each sample, with no
amplified product in any of the coded samples. We increased
the sensitivity of detection with universal primers in two dif-
ferent ways: by an additional round of 35 PCR cycles using the
same universal primers and by an additional round of 35 cycles
using the spiroplasma primers and Pharmacia Ready-to-Go
beads. In both cases, we used a 1:10 dilution of the PCR
product from the first round of amplification as a template for
the second. A second PCR round following universal primer
amplification resulted in amplified products in almost every
coded sample (Fig. 3B). When these products were cloned and
sequenced, they showed sequence similarity to 16S rRNA
genes from a variety of known and unknown bacterial se-
quences, including Acidovorax, Variovorax, Aquabacterium, and
Aquaspirillum, as well as Comamonas, Bacillus, Clostridium,
Pseudomonas, Staphylococcus, and Streptococcus species. As
was the case for the nested PCR experiments with the molli-
cute and spiroplasma primers, there was no correlation be-
tween the bacterial sequence and infection status of the sam-
ple. Moreover, repeat PCR of the same sample did not amplify
the same bacterial sequence. Only one sample produced a
sequence related to any known mollicute species. Again, the
sequence was 100% homologous to the S. mirum DNA used as
a spike. Although the sample producing this sequence proved
to be an infected sample, the sequence was found only once
out of several amplifications of the same sample. We therefore
judged this to be another instance of contamination with
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FIG. 3. Gel bands of PCR products of three samples. (A) After 30
cycles of PCR. Lanes with an asterisk show sample plus universal
primers (Un) alone. All other lanes are controls, with p53 primers
(p53) to test sample DNA or universal primers and spikes labeled as in
Fig. 2. (Universal primers did not detect 0.1 pg S. mirum DNA against
the template background.) No products were detected in unspiked
samples after the first round with universal primers. (B) After the
second round of PCR (30 cycles). Lanes with an asterisk show sample
plus spiroplasma primers alone. Other lanes show sample with spikes
as in Fig. 2A. Product was detected in every sample, including two
uninfected samples as well as infected samples.

minute amounts of the spike, which was not apparent after 35
PCR cycles and became apparent only after 70 cycles.

The much greater variety of bacterial species and the in-
creased incidence of signal in these experiments, compared
with the nested PCR experiments using mollicute and spiro-
plasma primers, were judged to be a result of more nonspecific
primer annealing of the universal primers in the first round.
That is, a wider variety of environmental contaminants was
identified by the universal primers. The spiroplasma primers of
the second round recognized a considerable number of these,
due to homology between the primers and the known 16S
rRNA gene sequences of the bacteria. The results of this sec-
ond series of PCR experiments are consistent with those of the
first, however, and indicate that there is no bacterial species
that is consistently or reliably associated with 263K scrapie
infection in hamsters.
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DISCUSSION

To establish whether bacteria could be the etiological agents
of TSE diseases, we used PCR to search for 16S rRNA gene
bacterial sequences in DNA from the well-characterized ham-
ster 263K scrapie model, which produces predictably high con-
centrations of TSE infectivity in the brains of clinically affected
animals. We optimized our PCR conditions to reliably detect
bacterial DNA at about 1% of the concentration that would be
present, if bacteria were responsible for the TSE infectivity
that we know to be present (see calculations below, in discus-
sion on “Bacteria as infectious agent in TSE disease™). That is,
our assays had 150 to 300 times the sensitivity needed to
reliably detect the presence of the bacterial 16S rRNA genes in
35 cycles of PCR amplification. We validated our detection
limits by spiking every sample in every determination with S.
mirum and M. arginini DNA at concentrations equivalent to
~1% of the concentration necessary to account for the TSE
infectivity represented in the samples. We amplified the DNA
using primers developed specifically to detect spiroplasma
rRNA genes and mycoplasma rRNA genes, as well as universal
primers that detect all eubacteria including the mollicutes. We
tested two distinct amplification protocols. We conducted all of
our experiments with a standard panel of 20 blinded samples.
We found no evidence that any eubacterium, including spiro-
plasmas or mycoplasmas, was consistently associated with
scrapie-infected tissue.

This finding is at odds with that of Bastian and colleagues (3,
4), who have reported finding spiroplasma 16S rRNA gene
sequences in most samples from CJD-infected humans,
scrapie-infected sheep, and chronic wasting disease-infected
cervids but not in control samples from the same species. Our
DNA extraction method, the PCR protocol using Pharmacia
Ready-to-Go beads, and the spiroplasma and mollicute prim-
ers were chosen to be essentially the same as those used by
Bastian et al. It is highly unlikely that the TSE strains of these
different hosts would differ from hamster scrapie in the nature
of the infectious agent or in the involvement of a bacterial
factor. Indeed, the 263K strain of scrapie is derived from a
naturally occurring strain of scrapie in goats. Furthermore, the
arguments against bacterial involvement in TSE disease that
are based on quantitative considerations (see “Bacteria as the
infectious agent in TSE disease” below) apply to all strains. On
the contrary, the experimental hamster 263K scrapie model
used in our study offers several critical advantages for demon-
strating a bacterial etiology over the natural infections studied
by Bastian and colleagues. (i) First and foremost, the concen-
tration of 263K scrapie infectivity in the brains of hamsters in
the advanced stages of the symptomatic infection is known and
reproducible (11). As a consequence, the sensitivity required
for detection of an equivalent concentration of bacterial rRNA
genes, if bacteria are responsible for the infection, is also
known. This allowed us to calibrate the PCR assay with con-
centration standards from representative mollicutes and adjust
the sample mass to give a large excess of sensitivity over that
needed to detect the available infectivity. Positive controls
spiked at ~1% of the infectivity concentration validated the
requisite sensitivity for every sample. The failure to amplify
any bacterial signal with any of the bacterial primer sets under
conditions that readily amplified the controls argues strongly
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against bacteria as the source of TSE infectivity. (ii) The high
concentration of infectivity in hamster 263K scrapie, 10'° = 3
IDs, per gram of brain, results in a high signal-to-noise ratio
over environmental contaminants. Nested PCR is unnecessary
for detection of bacterial rRNA genes at this concentration or
even at a concentration 100-fold lower than this. This elimi-
nates the necessity of differentiating the ubiquitous environ-
mental contaminants detected by nested amplifications from a
signal of interest. It also makes the results far less vulnerable to
minute inadvertent contaminations by positive control se-
quences used to calibrate and validate the assay. (iii) Both the
growth environment and tissue collection for an experimental
TSE model can be carefully controlled to minimize contami-
nation. The hamsters in this experiment were raised under
microisolators in a pathogen-controlled biosafety level 3 facil-
ity and the tissues harvested in the same environment. Even
under these conditions and even with meticulous effort to
minimize bacterial contamination, we still detected very low
levels of contaminating bacterial sequences when the PCR was
pushed to high cycle numbers. This is consistent with the ex-
perience of many other investigators who have reported trace
contaminants after extensive PCR amplifications (49, 46, 18)
and is evidence of the ubiquity of bacterial DNA. (iv) Labo-
ratory controls can be perfectly matched by birth cohort and
growth conditions to the infected animals. In contrast, the
control tissues used by Bastian et al. (3, 4) were from different
populations and were collected under different conditions
from those for the infected samples. This may have introduced
systematic errors that account for the lack of amplifications in
the controls and near-perfect correlations with the infected
samples. Since all amplifications used mycoplasma and spiro-
plasma selective primers, where amplifications occurred, mol-
licute sequences were favored. Universal primers might have
revealed a much broader range of bacterial sequences in the
same samples. (v) The use of laboratory animals facilitates the
construction and interpretation of blind panels of coded sam-
ples. Conducting the analyses on coded specimens assures an
objective and unbiased result.

Bacteria as the infectious agent in TSE disease. Other in-
vestigators have hypothesized that bacteria cause TSE diseases
either by triggering autoimmunity by molecular mimicry with
bacterial antigens (19), as the agents of a toxicosis (44), or as
the source of other long-term sequelae of peripheral bacterial
infections (12). However, none of these proposals can be easily
reconciled with the failure to demonstrate bacteria in the
brains of TSE-infected rodents, given the high concentrations
of TSE infectivity found there. Unlike an antigen or toxin, the
pathogenic agent is self replicating and regenerating after a
100-billion-fold dilution.

The hamster brain contains approximately 2.5 mg of total
DNA/g, and brains taken from scrapie-infected hamsters at
late-stage disease contain =10 IDs,/g (6, 36, 26). The con-
centration of infectivity relative to hamster DNA is therefore 4
X 10° ID5,/ng DNA. If pathogen and host DNA are extracted
with the same efficiency, a 40-ng sample of DNA from an
infected brain would contain a minimum of 230,000 pathogen
genomes (where 1 genome corresponds to 1 ID [= 1.44 X 1
IDs,)). If the efficiency of infection is less than 1.0 (which is
likely) or the number of ribosomal gene copies per genome is
greater than one (typically only one or two copies for molli-
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cutes [1]), then the number of ribosomal gene copies per 40 ng
of DNA would increase proportionately. Thus, 230,000 gene
copies is a minimum estimate of the pathogen’s representation
in the sample, if it were responsible for the TSE infectivity. In
contrast, Table 2 shows that only 750 S. mirum genomes or
1,560 M. arginini genomes were required to obtain strong PCR
amplifications from either mollicute.

The amplification with universal primers extends our results
to eubacteria in general. For a bacterium such as E. coli, which
has 7 copies of the 16S rRNA gene per genome (20), as few as
100 genomes would be readily detected by these methods. This
is 1,000 times fewer than the minimum number of genomes
needed to account for the infectivity. Thus, no eubacterium
amplifiable by the universal primers was present at sufficient
concentrations to account for the TSE infectivity.

This conclusion is consistent with many other observations
that make a bacterial etiology unlikely. One of the most com-
pelling is our own demonstration that highly dispersed prepa-
rations of hamster scrapie infectivity readily pass through
15-nm Planova nanofilters (Asahi Corporation) that block Phi
X-174, a 24-nm icosahedral bacteriophage (L. Gregori, R. G.
Rohwer, et al., in preparation).

These experiments, which rule out bacteria as the etiologic
agent of TSE diseases, do not rule out viruses. A number of
investigators have argued persuasively that there is no compel-
ling evidence that TSE infections are not caused by viruses or
virus-size exogenous nucleus acid and that since a viral etiology
is the prevailing paradigm for filterable pathogens, it should
not be abandoned without incontrovertible proof to the con-
trary (14, 40, 43, 35, 17). The smallest viruses, at a concentra-
tion of 1.1 X 10° genomes, would be difficult to detect de novo
without specific knowledge of their genome sequence or
unique proteins. However, given this knowledge, the nucleic
acid in 1.1 X 10° genomes of such a virus would be easily
detectible by a PCR-based assay.

The investigation of natural infections, their epidemiology,
pathology, and pathogenesis, is essential to a comprehensive
and contextual understanding of infectious diseases. However,
basic questions like the identity of the etiologic agent are
better answered in the controlled environment of well-charac-
terized experimental models. This is because the concentration
of TSE infectivity in natural infections is either unknown or
only poorly established from cross-species titrations into ro-
dents or monkeys and will vary with specific agent strains, host
genetics, the stage in disease progression at which the tissues
are taken, and the specific piece of tissue analyzed. For exam-
ple, the concentration of TSE-associated amyloid varies mark-
edly from region to region in the brain of human TSE patients
(8). Without knowledge of the infectivity concentration, a fail-
ure to amplify rRNA genes from natural cases is intrinsically
uninterpretable, since the infectivity, if present, may be at a
concentration below the threshold for detection. Conversely,
there is no way to validate the credibility of a positive ampli-
fication without knowing whether or not the concentration of
infectivity is within the detection range of the assay. Moreover,
both autopsies and field collections of animal specimens are
especially vulnerable to contamination. The extreme sensitivity
of nested or high-cycle PCR predisposes to the detection both
of environmental contaminants and of low-level contamination
by positive controls. An agent that is discovered in natural
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infections that cannot be confirmed in well-defined, high-titer
experimental tissues is unlikely to be valid.
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