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In this study we developed a concentration and purification procedure to facilitate reverse transcription
(RT)-PCR detection of enteric viruses in water sample concentrates obtained by conventional filter adsorption-
elution methods. One liter of beef extract-glycine eluate with or without humic acid and seeded with poliovirus
type 1, hepatitis A virus, and Norwalk virus was used as a model system, and the eluent was further processed
for RT-PCR compatibility. The sample concentration and purification procedures which we used included
polyethylene glycol precipitation, Pro-Cipitate precipitation, a second polyethylene glycol precipitation, spin
column chromatography, and ultrafiltration. The sample volumes were reduced from 1 liter to 20 to 50 ml, and
the samples were purified enough so that viruses could be detected by the RT-PCR. The ability to detect low
levels of enteric viruses by molecular techniques was compared directly with the ability to detect enteric viruses
by cell culture infectivity procedures. As little as 3 PFU of poliovirus type 1 in an initial 1 liter of mock eluate
was detected by the RT-PCR.

Surface water and groundwater continue to be subjected to
fecal contamination from a variety of sources associated with
human activities in both urban and rural settings. The methods
currently used to assess the microbial quality of drinking water
and to determine water potability are based on analyses for
indicator bacteria belonging to the coliform group. Several
studies have demonstrated that treated water supplies which
are considered acceptable on the basis of levels of indicator
bacteria may still contain viruses and other pathogens (6, 13).
As there are no generally accepted microbial indicators for
enteric viruses, there is a clear need for methods that can be
used for direct virological examination of water supplies in
order to better assess health risks due to enteric viruses. How-
ever, the traditional methods used to isolate enteric viruses
from water rely on animal cell cultures and are technically
difficult, time consuming, inefficient, and expensive (4, 7, 10,
26, 37). Virus detection methods based on targeting viral nu-
cleic acids via hybridization reactions (gene probes) (12, 17, 18,
24, 27, 31, 33) and, more recently, in vitro nucleic acid ampli-
fication (PCR) (1, 8, 20, 47, 49) offer advantages for detecting
individual enteric viruses or groups of enteric viruses in envi-
ronmental samples. In particular, PCR in conjunction with
reverse transcription (RT) can detect as little as 0.01 PFU per
sample.
Because the levels of viruses of public health concern typi-

cally found in environmental water and drinking water are low,
viruses must be concentrated from hundreds to thousands of
liters of water. In the most widely used concentration methods,
viruses are first concentrated by adsorption to microporous
filters and then eluted with approximately 1 liter of eluent.

However, this technique also effectively concentrates a variety
of other solutes, such as humic acids and proteins, which may
interfere with methods used subsequently to detect viruses (14,
39). In particular, many naturally occurring inorganic and or-
ganic solutes inhibit the nucleic acid polymerases used for
amplification of target genomes (reverse transcriptase and Taq
polymerase) (43–45). Nucleases and proteases may also de-
grade virus genomes before they can be amplified. In addition,
various proteins, carbohydrates, and other organic compounds
may bind magnesium ions and nucleotides required by nucleic
acid polymerases, and some solutes may be toxic to these
polymerases (11, 16, 19, 20). Beef extract, the agent that is used
most widely to elute adsorbed viruses from filters and other
media, contains high concentrations of poorly characterized
components (15, 42) which may interfere with molecular de-
tection methods. While recognizing the problems associated
with the use of beef extract as an elution medium, in this study
we focused on beef extract, because it has worldwide accep-
tance and its use is compatible with cell culture techniques
used for virus detection (5, 15, 28). Furthermore, methods that
could be developed to reduce the interference caused by beef
extract could also remove or neutralize other interfering sub-
stances found in environmental water samples.
Therefore, the objective of this study was to develop and

evaluate methods that can be used to detect low levels of
enteric viruses in beef extract eluates by RT-PCR amplification
and subsequent analysis of the amplified viral cDNA by oligo-
probe hybridization. The ability to detect low levels of enteric
viruses by these molecular techniques was compared directly
with the ability to detect enteric viruses by cell culture infec-
tivity procedures.

MATERIALS AND METHODS

Viruses and cells. Poliovirus type 1 (PV1) strain LSc was propagated in
BGMK (African green monkey kidney-derived) cells, and the infectivity of PV1
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was determined by the plaque technique or by the quantal assay for cytopathic
effects (CPE). Hepatitis A virus (HAV) cytopathic strain HM175 (3) was grown
and plaque assayed in FRhK-4 (fetal rhesus kidney-derived) cells. Viruses were
harvested from infected cell lysates by freeze-thawing, fluorocarbon extraction,
and polyethylene glycol (PEG) precipitation. Norwalk virus (NV) strain 8FIIA
was obtained from human stool samples from infected volunteers by preparing a
20% stool slurry in 0.15 M phosphate-buffered saline (PBS) and then extracting
the preparation with fluorocarbon. At the concentrations used for RT-PCR
detection the virus stock preparations did not inhibit molecular detection (data
not shown).
The quantal assay for PV1 CPE was performed with small sample volumes (ca.

10 to 50 ml) by increasing the sample volume to 1 ml with PBS and then
inoculating 0.1-ml portions into 10 wells containing newly confluent cell layers in
24-well tissue culture dishes with the growth medium removed by aspiration.
After 90 min of adsorption and addition of maintenance medium, the cultures
were observed daily for CPE for 10 days. The most probable number of cyto-
pathic units per milliliter was then estimated by using the Thomas equation (2).
PCR primers and oligoprobes. The oligonucleotide primer and probe se-

quences used for enteroviruses and HAV in this study were identical to those
described previously (9), except for a single base change in the HAV oligonu-
cleotide probe. The highly conserved 59 untranslated region of enteroviruses was
used as the target for the synthesis of a 197-bp panenterovirus cDNA (the 59
primer was CCTCCGGCCCCTGAATG, the 39 primer was ACCGGATGGCC
AATCCAA, and the internal oligoprobe was TACTTTGGGTGTCCGTGTT
TC). For HAV, the genomic region corresponding to the interface of the VP1
and VP3 capsid proteins was the target for a 192-bp cDNA (the 59 primer was
CAGCACATCAGAAAGGTGAG, the 39 primer was CTCCAGAATCATCT
CCAAC, and the internal oligoprobe was TGCTCCTCTTTATCATGCTATG).
For NV the genomic region encoding the viral polymerase was the target for a
260-bp cDNA (7) (the 59 primer was CAAATTATGACAGAATCCTTC, the 39
primer was GAGAAATATGACATGGATTGC, and the internal oligoprobe
was ATGTCATCAGGGTCAAAGAGG). The downstream or antisense 39
primers were complementary to the (1) sense virion RNA, and the upstream 59
primers were homologous to the (1) sense viral RNA. Internal oligomer probes
were synthesized in the (1) sense orientation so that they hybridized only with
cDNA or PCR products and not with viral genomic (1) sense RNA.
RT and enzymatic amplification (RT-PCR). An RNA PCR kit obtained from

Perkin Elmer-Roche, Alameda, Calif., was used throughout this study. The
manufacturer’s instructions were followed, except that the reaction volume for
RT was increased from 20 to 30 ml to accommodate a 10-ml virus sample. Viral
RNA was released from virions by heating reaction mixtures at 998C for 5 min.
After the mixtures were chilled and reverse transcriptase (50 U) and RNase
inhibitor (20 U) were then added, RT was carried out at 428C for 1 h by using
random primers, and then the tubes were heated to 998C for 5 min to inactivate
the enzyme. After chilling, the tubes were supplemented with 2.5 U of Taq
polymerase and panenterovirus, HAV capsid, or NV polymerase primer pairs for
PCR amplification. PCR amplification was performed for 40 cycles, with each
cycle consisting of 958C for 1.5 min, 558C for 1.5 min, and 728C for 1.5 min. A
15-ml portion of the PCR product was analyzed by electrophoresis on 2% aga-
rose gels, which were stained with ethidium bromide and visualized by UV light.
Southern transfer and nonradioactive oligoprobe detection. The PCR product

was transferred from agarose gels to nylon membranes by the method of South-
ern (41), and the cDNA was bound to the membrane by UV cross-linking for 5
min. The bound DNA was examined by oligoprobe hybridization and immuno-
logical detection. Oligoprobes were 39 end labeled with digoxigenin-dUTP by
using terminal transferase and were purified by ethanol precipitation according
to the instructions in a Genius nonradioactive end-labeling kit (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.). Oligoprobe hybridization and im-
munological detection of positive samples were performed by following the
instructions in the Boehringer Mannheim Biochemicals kit. Immunological de-
tection of PCR product-oligoprobe hybrids was performed by using an anti-
digoxigenin alkaline phosphatase antibody conjugate and an enzyme-catalyzed
colorimetric reaction in which 5-bromo-4-chloro-3-indolyl phosphate and ni-
troblue tetrazolium salt were the substrates.
Sample processing for PCR amplification. (i) Virus concentration from beef

extract by PEG precipitation. A model system consisting of 1 liter of a solution
containing 1% beef extract powder (BBL, Becton Dickinson, Cockeysville, Md.)
and 0.05 M glycine (BE/G) either with or without 0.15 mg of humic acid and
seeded with either PV1 or HAV was used to investigate the RT-PCR compati-
bility of virus concentration by PEG precipitation (21). Humic acid was concen-
trated and purified from highly colored surface water as previously described
(39). BE/G samples (1 liter) were supplemented with 13% PEG 8000 (Sigma
Chemical Co., St. Louis, Mo.) and 0.2 M NaCl, and the preparations were mixed
at 48C for 2 to 15 h and then centrifuged at 7,000 3 g and 48C for 30 min. We
observed no significant difference in the levels of recovery efficiency for viruses
that were precipitated with PEG for 2 to 15 h; 2 h was the minimum time
required, and 15 h was used for overnight precipitation, if it was convenient (data
not shown). The resulting precipitates were resuspended in ca. 2 to 3 ml of 0.13
PCR buffer II (5 mM KCl, 1 mM Tris-HCl; pH 8) (Perkin Elmer, Norwalk,
Conn.), and the Tris concentration was adjusted with 1 M Tris (pH 8) so that the
final Tris concentration was 20 mM.

(ii) Purification of viruses in PEG precipitates. Viruses in PEG-precipitated
beef extract eluates were further purified and concentrated by either chloroform
extraction or Pro-Cipitate (Affinity Technology, New Brunswick, N.J.) purifica-
tion. The former procedure consisted of emulsifying a sample with an equal
volume of chloroform, separating the phases by centrifugation at 2,000 3 g and
48C for 15 min, extracting the interphase with 200 ml of resuspension buffer, and
pooling this preparation with the aqueous phase of the sample. Pro-Cipitate, a
commercially available protein purification and concentration agent, was also
used for target virus purification and concentration from PEG precipitates.
Equal volumes of Pro-Cipitate and a sample were combined, and the resulting
preparation was mixed for 15 min and then centrifuged at 6,0003 g and 108C for
15 min to precipitate the viruses. The virus-containing precipitate was resus-
pended in 0.1 M Tris-HCl (pH 9.0) at different sample-to-elution volume ratios,
the preparation was mixed for 1 h and centrifuged at 6,000 3 g and 188C for 15
min to sediment the excess Pro-Cipitate, and the supernatant was retained. The
viruses in the supernatant were then concentrated by a second PEG concentra-
tion step; 8% PEG 8000 and 0.2 M NaCl were added, and the preparation was
mixed at 48C for 2 to 15 h and then centrifuged at 7,000 3 g and 48C for 30 min.
The resulting precipitate was resuspended in ca. 0.2 ml of 0.13 PCR buffer II
containing 20 mM Tris (pH 8).
Samples were further purified by spin column gel chromatography. Sephadex

G-200 (Pharmacia, Piscataway, N.J.) spin columns were prepared and centri-
fuged in a swinging bucket rotor as described by Maniatis et al. (23), except that
silane-treated glass wool (Supelco, Bellefonte, Pa.) was used as the column
support and the centrifugal force was decreased to 400 3 g to avoid crushing the
columns. Column volumes of 1 to 4 ml were used to process 0.2 to 0.8 ml of
sample. The viruses present in the excluded volumes of spin column effluents
were further concentrated by centrifugal ultrafiltration in a Centricon microcon-
centrator with a molecular weight cutoff of 100,000 (Amicon, Beverly, Mass.).
The average retentate volumes were 20 to 60 ml, and 10-ml portions were used
directly for the RT-PCR.

RESULTS

Initial virus concentration by PEG precipitation. The levels
of recovery efficiency for PV1 and HAV after PEG precipita-
tion were determined by using 1-liter volumes of BE/G seeded
with 100 to 1,000 PFU of test virus. The levels of virus recovery
after PEG precipitation were based on the input virus titers
seeded into beef extract just prior to processing. After over-
night precipitation at 48C, the samples were centrifuged, and
each sediment was resuspended in 2 to 3 ml of 0.13 PCR
buffer II containing 20 mM Tris (pH 8). As shown in Table 1,
the average levels of virus recovery obtained with the cell
culture infectivity procedure after direct PEG precipitation
and resuspension of the PEG pellets were 88% for PV1 and
64% for HAV. After PEG precipitation,,10% of both viruses
remained in the supernatants.
Sample cleanup and second PEG concentration step. Re-

moval of nonpolar interfering substances and residual PEG by
chloroform extraction resulted in low and highly variable levels
of virus recovery (range, 4 to 68%). Therefore, virus adsorp-
tion to and elution from Pro-Cipitate was investigated as an
alternative virus purification step. PEG-precipitated samples
(ca. 3 ml) were first seeded with test viruses and then Pro-
Cipitate purified by combining equal volumes of Pro-Cipitate
and sample, mixing the preparations for 15 min, and then
centrifuging them. The virus-containing sediments were resus-
pended by using different sample-to-elution volume ratios of
0.1 M Tris-HCl (pH 9.0), and each preparation was mixed for
1 h and then centrifuged to remove the excess Pro-Cipitate.

TABLE 1. Levels of recovery of PV1 and HAV from 1 liter
of BE/G by PEG precipitation

Virus % Initial viruses
in supernatant

% Initial viruses in
PEG concentrate

PV1 9 6 9 (25)a 88 6 33 (27)
HAV 6 6 10 (16) 64 6 27 (18)

aMean 6 standard deviation. The numbers in parentheses are the numbers of
trials.
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The resulting supernatant was assayed for viruses. Table 2
shows the levels of recovery of PV1 and HAV obtained with
Pro-Cipitate when we used different ratios of elution buffer
volume to Pro-Cipitate volume. The optimum ratio of elution
buffer volume to Pro-Cipitate volume was at least 6:1; this ratio
resulted in a level of PV1 recovery of 81% and a level of HAV
recovery of 107%. At a ratio of 4:1, the levels of recovery for
both PV1 (30%) and HAV (58%) were approximately one-half
the levels of recovery observed at a ratio of 6:1. Pro-Cipitate
elution at a ratio 6:1 resulted in sample volumes of 18 to 24 ml.
These volumes were too large for subsequent processing by
spin column chromatography and ultrafiltration, and therefore,
a second PEG precipitation step was used. The levels of re-
covery of PV1 and HAV from the PEG-precipitated Pro-Cipi-
tate eluents were 60 to 90% of the initial infectivity values
(data not shown); these levels are similar to the levels of virus
recovery from PEG-precipitated beef extract.
Removal of RT-PCR inhibitors and sample volume reduc-

tion. Although a second PEG precipitation step efficiently con-
centrated viruses from Pro-Cipitate eluates, as determined by
the virus infectivity assay, these samples still contained enough
impurities to make them incompatible with virus detection by
RT-PCR amplification and oligoprobing. Therefore, we inves-
tigated additional virus purification by spin column chroma-
tography. We found that spin column chromatography with
Sephadex G-200 efficiently removed inhibitory solutes from
beef extract after PEG precipitation, Pro-Cipitate purification,
and a second PEG precipitation step. The column-to-sample
volume ratios had to be high enough to effectively purify the
sample but not so high that they reduced the levels of virus
recovery. Column-to-sample ratios of 4:1 to 8:1 resulted in
purification without large losses of virus. In experiments in
which we determined levels of PV1 recovery at column-to-
sample ratios of 4:1, 8:1, and 12:1, the levels of virus recovery
were $100, 83, and 48%, respectively (data not shown).
The volumes of the samples used for spin column chroma-

tography were about 500 ml. These samples were too large for
practical analysis by RT-PCR, because for each RT-PCR a
sample volume of only 10 ml is used. However, the samples
were sufficiently pure to permit further concentration by ultra-
filtration with small, commercially available 100,000-molecu-
lar-weight cutoff centrifugal ultrafiltration units. When 500-ml
samples were concentrated 25-fold by this method, the levels of
virus recovery were consistently .90% (data not shown), and
the sample volume and purity were compatible with viral
genomic amplification by RT-PCR.
RT-PCR detection of poliovirus in processed samples. On

the basis of the levels of recovery efficiency for infectious
viruses in each of the concentration and purification steps
tested, the following sample treatment scheme was evaluated
for virus detection and recovery by RT-PCR: (i) PEG precip-
itation and resuspension in 2 to 3 ml of 0.13 PCR buffer II–20
mM Tris (pH 8), (ii) Pro-Cipitate precipitation (ratio of eluent
volume to Pro-Cipitate volume, 6:1), (iii) a second PEG pre-
cipitation, (iv) Sephadex G-200 spin column chromatography,
and (v) centrifugal ultrafiltration. This procedure is outlined in
Table 3.
The sample-processing procedure described above was ini-

tially evaluated for its ability to remove inhibitors of RT-PCR
amplification. After each treatment step a small aliquot of
sample was obtained and diluted 10- and 100-fold. The undi-
luted and diluted aliquots were then supplemented with ca. 100
PFU of poliovirus; this was followed by RT-PCR amplification,
agarose gel electrophoresis, and ethidium bromide staining of
the gel for visualization of PCR products. As shown in Fig. 1,
RT-PCR detection was prevented in the undiluted aliquots of
the first and second PEG precipitates, indicating that RT-PCR
inhibitors were present. However, viruses were detected in
undiluted aliquots after they were supplemented with PEG-
NaCl, after Pro-Cipitate treatment, after Sephadex G-200 spin

FIG. 1. RT-PCR detection after each treatment step. M, molecular weight markers; BE-G-PEG, beef extract-glycine containing 13% PEG and 0.3 M NaCl; PEG-R,
resuspended PEG precipitate; Pro-C, resuspended sample after Pro-Cipitate precipitation; 2ndPEG-R, second resuspended PEG precipitate; G200, Sephadex G-200
spin column chromatography filtrate; UF, ultrafiltered concentrate; 0,-1,-2, undiluted, 10-fold dilution, and 100-fold dilution, respectively; 1, PV1-positive control; 2,
complete reaction cocktail without virus.

TABLE 2. Levels of recovery of PV1 and HAV with Pro-Cipitate

Elution
ratio

PV1 HAV

No. of trials % Recovery No. of trials % Recovery

4:1 8 30 (21)a 5 58 (22)
6:1 7 81 (28) 3 107 (10)
8:1 4 70 (23) 2 81 (18)

a The values in parentheses are standard deviations.

TABLE 3. Purification and concentration of viruses
in 1-liter BE/G samples

Step Vol Concn factor
(fold)

BE/G 1 liter 1
PEG precipitation 1 2-3 ml 500
Pro-Cipitate precipitation 15-20 ml 50
PEG precipitation 2 0.5 ml 2,000
Spin column chromatography 0.5 ml 2,000
Ultrafiltration 20-60 ml 50,000
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column chromatography, and after ultrafiltration. Thus, RT-
PCR inhibitors were successfully removed as viruses were con-
centrated by the overall procedure.
The concentration and purification procedure was then used

to recover and detect progressively lower input levels of viruses
in seeded 1-liter samples of BE/G mock eluate. One-liter sam-
ples of BE/G were seeded with 300, 30, and 3 PFU of polio-
virus and then processed by using the following procedure:
precipitation with 13% PEG–0.2 M NaCl, resuspension in 1 ml
of 0.1 3 PCR buffer II–20 mM Tris (pH 8), Pro-Cipitate
precipitation (Pro-Cipitate elution ratio, 6:1), concentration by
a second PEG precipitation, purification by Sephadex G-200
spin column chromatography (column-to-sample volume ratio,
6:1), and concentration to ca. 30 ml by centrifugal ultrafiltra-
tion. A 10-ml portion of the final concentrate was assayed by
the RT-PCR and was analyzed by agarose gel electrophoresis.
The identity of the PCR product was confirmed by Southern
transfer and nonradioactive oligoprobe hybridization. As
shown in Fig. 2, a poliovirus PCR product was detected at an
input level as low as 3 PFU per 1-liter sample. Because only 10
ml of the final sample (volume, 20 to 60 ml) was analyzed, the
recovery method may be even more sensitive (at least two- to
sixfold more sensitive).
Recovery and RT-PCR oligoprobe detection of poliovirus in

1-liter BE/G mock eluates. A total of 50 1-liter samples of
BE/G were seeded with levels of PV1 ranging from ,10 to
.100 PFU prior to the initial PEG precipitation step. The

samples were processed by using the method outlined in Table
3 and Fig. 1, and the final concentrates were analyzed by the
RT-PCR. As shown in Table 4, the average level of poliovirus
detection was 50%; this value did not decrease significantly
when lower virus input levels were used (P 5 0.837 [Fisher
exact test, two-tailed]).
Recovery and RT-PCR oligoprobe detection of enteric vi-

ruses in 1-liter BE/G mock eluates supplemented with humic
acid. To better represent environmental filter eluates, 1-liter
BE/G mock eluates were supplemented with 0.15 mg of
humic acid. Then 1-liter mock eluates with and without added
humic acid were seeded with poliovirus (102 PFU), HAV
(102 PFU), and NV (103 amplifiable genomic units) and pro-
cessed by using the method described above. As shown in
Fig. 3, PCR products for all three viruses were detected in
samples with or without humic acid. PCR amplicon bands
were less intense in the samples supplemented with humic
acid, suggesting that some interference still occurred or virus
recovery was less efficient in humic acid-supplemented beef
extract.

FIG. 2. Detection of poliovirus by RT-PCR and oligoprobe hybridization
after concentration and purification from 1 liter of BE/G. PFU PV1, PFU of
PV1; M, molecular weight markers; 300, 300 PV1 PFU seeded into 1 liter of
BE/G mock eluate; 30, 30 PV1 PFU seeded into 1 liter of BE/G mock eluate; 3,
3 PV1 PFU seeded into 1 liter of BE/G mock eluate; 0, negative control; 1,
PV1-positive RT-PCR control; 2, complete reaction cocktail without virus; Gel,
agarose gel electrophoresis detection; Probe, nonradioactive oligoprobe detec-
tion of RT-PCR PV1 product.

FIG. 3. Detection of PV1, HAV, and NV seeded into 1 liter of BE/G con-
taining humic acid by RT-PCR and oligoprobe hybridization. mgHA, milligrams
of humic acid added to 1-liter BE/G sample; M, molecular weight markers; 0, no
humic acid added to 1 liter of BE/G; .15, 0.15 mg of humic acid added to 1 liter
of BE/G; N, negative control (no virus added);1, positive virus RT-PCR control;
2, complete reaction cocktail without virus; Gel, agarose gel electrophoresis
detection; Probe, nonradioactive oligoprobe detection of RT-PCR product.

TABLE 4. RT-PCR detection with 1-liter BE/G samples

Input PFU
per sample

No. of
trials

RT-PCR detection % of positive
samplesNo. negative No. positive

102 7 3 4 57
101 33 16 17 52

,101 10 6 4 40

Total 50 25 25 50
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Comparison of levels of virus recovery and detection by
molecular techniques and the cell culture infectivity proce-
dure. A total of 22 experiments were performed to determine
if comparable results would be obtained when processed sam-
ples were analyzed by the cell culture infectivity method and by
RT-PCR amplification. One-liter BE/G mock eluate samples
seeded with about 101 infectious units of poliovirus were pro-
cessed, and the final concentrates were analyzed by both meth-
ods. Following sample processing, 10 ml of the ultrafilter re-
tentate (an average of 31% of the total volume) was used in the
RT-PCR amplification assay. The remaining ultrafilter reten-
tate volume (an average of 69% of the sample) was increased
to 1 ml, and the resulting preparation was assayed for infec-
tivity as determined by the presence of CPE by using 10 inoc-
ulated cell culture wells and quantal analysis. There were 16
samples that exhibited no CPE, and these samples were given
less-than values for level of recovery. These values were based
on the input virus titer from quantal data calculated by using
the Thomas formula and the percentage of the sample volume
analyzed; we assumed that 1 of 10 wells was positive for CPE
to compute the virus titer in the concentrate. As shown in
Table 5, both detection methods gave positive results: 6 sam-
ples were positive as determined by the infectivity method, and
10 samples were positive as determined by the RT-PCR. Al-
though samples were sometimes found to be positive by one
method but not by the other, four samples were found to be
positive by both methods. For 14 of the 22 samples, the results
obtained with the two detection methods were in agreement.
However, two samples that were found to be negative by the
RT-PCR were found to be positive by the infectivity method,
and six samples that were found to be positive by the RT-PCR
were found to be negative by the infectivity method. As deter-
mined by chi-square analysis, there was no difference in virus
detection by the two assay methods (P 5 0.34 [Fisher exact
test, two-tailed]). The grand total level of infectivity recovery
efficiency for all 22 samples was estimated to be #17%. The
level of infectivity recovery efficiency for the six samples which
exhibited CPE was 16%. A comparison of the RT-PCR results
in Tables 4 and 5 showed that there was no significant differ-
ence in levels of recovery efficiency between the two sample
sets (P 5 0.78 [Fisher exact test, two-tailed]).

DISCUSSION

RT-PCR followed by nonradioactive oligoprobe hybridiza-
tion is a rapid and sensitive molecular method for detecting
viruses. However, environmental samples must be sufficiently
concentrated to allow efficient detection of very few viruses in
large samples and the samples must be purified to reduce the
levels of inhibitors of the molecular enzymes used in the RT-
PCR (35). In this study we developed a multistep procedure to
concentrate and purify intact viruses from beef extract mock
eluates obtained from adsorbent filters so that they were com-

patible with in vitro, enzymatic amplification and detection of
viral genomic RNA. With this procedure the viral genome
remains protected by the viral capsid until immediately before
the RT-PCR, thus limiting viral RNA degradation during con-
centration and purification steps. Other researchers have used
techniques such as proteinase K digestion (20), guanidine thio-
cyanate extraction (34, 46), and trichloroacetic acid extraction
(50) to purify samples and remove inhibitors. Although these
procedures can improve sample quality, they may reduce the
sensitivity of the assay as a result of viral RNA degradation
prior to conversion of RNA to cDNA and subsequent ampli-
fication and detection.
PEG precipitation was a reliable method for initial recon-

centration and partial purification of viruses in adsorbent filter
mock eluates obtained from environmental water samples. Our
method can be used with a variety of aqueous samples (21, 22,
30), the procedure is simple, and the reagents are inexpensive.
Sample volume is reduced 250- to 300-fold, and levels of virus
recovery efficiency are .50%. The levels of viral recovery ef-
ficiency which we obtained by using PEG precipitation from
beef extract eluates are similar to or greater than the levels
obtained by other researchers who analyzed beef extract elu-
ates by using acid precipitation (25, 36, 38). After modifica-
tions in the process used to produce beef extract in the 1970s
decreased the ability of beef extract to flocculate, research
focused on procedural modifications, such as the addition of a
flocculating and precipitating supplement like FeCl3 or diato-
maceous earth to improve virus precipitation (4, 28, 29). Such
supplements can be highly inhibitory to the RT-PCR (32) and
should be avoided. The use of 1.0% beef extract instead of 1.5
or 3.0% beef extract in the initial 1-liter mock eluate reduced
the level of molecular inhibitors which were present in the beef
extract when it was concentrated, and this value is well within
the range of beef extract concentrations typically used for virus
elution from filters (36, 40).
The use of a commercially available protein-adsorptive re-

agent, Pro-Cipitate, for purification of PEG precipitates re-
sulted in effective virus recovery and sample purification and
dramatically improved virus detection by the RT-PCR. The
required Pro-Cipitate elution ratio of $6:1 increased the sam-
ple volume, making samples unmanageable for low-volume
ultrafiltration. Therefore, a second PEG precipitation step was
used to reduce the sample volume to ,0.5 ml. This allowed us
to perform the final purification and concentration steps of
spin column chromatography and ultrafiltration with minimal
virus loss and improved the compatibility of samples with RT-
PCR amplification.
The overall procedure used to concentrate and purify viruses

from beef extract filter eluates consisted of PEG precipitation,
Pro-Cipitate precipitation, a second PEG precipitation, Seph-
adex G-200 spin column chromatography, and ultrafiltration.
This sample-processing technique can be used to concentrate
and purify viruses in a 1-liter beef extract-glycine mock sample,
reducing the volume to 20 to 60 ml (equivalent to 16,000- to
50,000-fold concentration). The PCR product obtained from
genomic amplification was successfully detected in concen-
trated samples that were seeded initially with as little as 3 PFU
of poliovirus in a 1-liter sample of BE/G. For some samples a
distinct PCR product band was not detected by ethidium bro-
mide staining of the agarose gels, but PCR amplification of the
target viral genome was verified by Southern transfer and non-
radioactive oligoprobing. Such hybridization assays are essen-
tial to increase amplicon detection and to verify PCR amplifi-
cation.
In experiments to determine levels of virus recovery effi-

ciency and detection in seeded samples by using both infectiv-

TABLE 5. Poliovirus detection in 1-liter BE/G mock eluate
samples by RT-PCR and quantal infectivity assay

RT-PCR
assay results

Infectivity assay results
Total no. of
samplesNo. of samples

positive
No. of samples
negative

Positive 4 6 10
Negative 2 10 12

Total 6 16 22
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ity and RT-PCR assays, only a portion of the final sample
concentrate volume (average, 31%) was subjected to RT-PCR
analysis. The remaining concentrate volume was used to de-
termine virus infectivity. Despite the fact that only about one-
third of each total sample concentrate was analyzed by RT-
PCR, 50% of the samples were virus positive. If the entire
sample volume had been analyzed by the RT-PCR, the per-
centage of positive samples may have been even higher. For
those samples that were also assayed for the presence of vi-
ruses by the infectivity procedure, the estimated level of infec-
tivity recovery efficiency was about 16%, which also may have
been an underestimate because only some of the final concen-
trate was analyzed.
One-liter BE/G mock eluates were supplemented with

aquatic humic acid, seeded with virus, and then analyzed by the
method described above to determine if the procedure could
contend with this interfering substance. Humic acid is a com-
monly occurring organic compound found in environmental
samples and can interfere with conventional as well as molec-
ular detection techniques (14, 39, 43). Using our technique, we
successfully recovered and detected PV1, HAV, and NV in
1-liter BE/G eluates containing humic acid. Some humic acid
may have remained in the final sample concentrates, as sug-
gested by the RT-PCR product bands having reduced intensi-
ties. Other concentration and purification techniques, such as
antibody (immunoaffinity) capture or guanidinium extraction
of viral RNA in the final concentrate, are procedural modifi-
cations that are being investigated in our laboratory with the
hope that they will further improve viral detection by the RT-
PCR.
The procedure developed in this study is a step toward the

goal of a rapid, simple, and economical method for detecting
low levels of enteric viruses in water and other environmental
samples. With this procedure it is possible to detect less than
10 PFU of a target virus in a mock beef extract filter eluate
sample in less than 3 days by relatively simple processing steps.
Hence, routine viral monitoring of environmental samples with
molecular biological methods may be possible. Because the use
of beef extract as an elution medium is a potentially limiting
factor in the detection of viruses by molecular biological meth-
ods, further research should focus on substitutes for beef ex-
tract or alternative methods that do not rely on this eluate.
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