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The sensitivity and specificity of an enzyme immunoassay (Rotazyme), an on-
grid immunoelectron microscopic procedure, and conventional negative stain
electron microscopic techniques were compared. By using partially purified
human rotavirus and simian rotavirus (SA-11) of known particle concentration,
the enzyme immunoassay was essentially equivalent to the immunoelectron
microscopic procedure and significantly more sensitive than conventional elec-
tron microscopic techniques. The level of sensitivity was approximately 106
particles per ml for simian rotavirus SA-11 and 107 particles per ml for human
rotavirus. In an evaluation of 455 clinical samples by these techniques, a
sensitivity of 98% and specificity of 92% were demonstrated. Samples negative by
the immunoelectron microscopic procedure and positive by enzyme immunoassay
could be confirmed by a blocking assay.

The enzyme immunoassay (EIA) principle is
now used in a variety of diagnostic tests, and the
simplicity and sensitivity of these procedures
have greatly facilitated rapid viral diagnosis (5,
6, 8, 10, 11, 22, 29, 30, 33, 34, 38, 39; A. S.
Rubenstein, K. Chau, C. Ling, M. Miller, F.
Nehmadi, and L. Overby, Abstr. Annu. Meet.
Am. Soc. Microbiol. 1980, C6, p. 275). Rota-
virus, a major cause of nonbacterial gastroenter-
itis (1, 9, 13, 18), cannot be detected by routine
viral isolation techniques (4, 36, 37), and before
immunoassay systems were shown to be effec-
tive in detecting this virus in clinical specimens,
electron microscopy (EM) was the only method
capable of providing a definitive diagnosis (1, 2,
9, 13, 18). Recently we developed a direct solid-
phase enzyme immunoassay called Rotazyme
(Rubenstein et al., Abstr. Annu. Meet. Am. Soc.
Microbiol. 1980, C6, p. 275) and an on-grid
immunoelectron microscopic (IEM) technique
(21) for detecting rotavirus. Both procedures
involve the capturing of human rotavirus (HRV)
antigen by antibodies raised against the simian
rotavirus SA-11. In this paper we report results
obtained from a comparative study of the Rota-
zyme EIA, the on-grid IEM technique, and
conventional EM negative staining techniques.
These data were collected to provide insight into
the relative sensitivities of these methods for
diagnosing HRV infection.

MATERIALS AND METHODS

Animal virus growth and purification. Simian rota-
virus SA-11 (originally isolated by H. H. Malherbe)

and Nebraska calf diarrhea virus (NCDV) were kindly
provided by P. J. Middleton of the Hospital for Sick
Children, Toronto, Canada. The virus was propagated
in the BSC-1 line of African green monkey kidney cells
(12), which were purchased from Flow Laboratories,
Inc., McLean, Va. Cells were cultured in 1640 medium
(GIBCO Laboratories, Grand Island, N.Y.) supple-
mented with 10% fetal bovine serum. Confluent cell
monolayers were infected with approximately 0.1 PFU
per cell of either SA-11 (15) or NCDV (17). After
adsorption of the virus for 1 h at 37°C, 1640 medium
supplemented with 2% fetal bovine serum was added,
and incubation was continued for an additional 36 to 48
h. When approximately 90% of the cells exhibited a
cytopathic effect, the virus released into the medium
was purified by a combination of differential and
sucrose density gradient centrifugation as previously
described (28). Virus bands were collected, pooled,
and dialyzed overnight at 4°C against phosphate-buff-
ered saline (PBS), pH 7.2. Resultant virus stocks were
evaluated for purity and particle content by electron
microscopy.
Immune sera. Hyperimmune sera were prepared by

multiple site injection of rabbits with 100 ,ug/ml of
purified NCDV or SA-11 virus mixed with an equal
amount of complete Freund adjuvant. After a mini-
mum of three additional biweekly booster immuniza-
tions, the rabbits were bled by heart puncture, and the
sera were separated by centrifugation. These antisera
were used in both EIA and IEM procedures.

Clinical specimens. A collection of 455 stool samples
from children suffering from gastroenteritis was as-
sembled from kind donations by P. J. Middleton;
R. H. Yolken, Johns Hopkins University Hospital,
Baltimore, Md; J. Vollet, University of Texas Health
Science Center, Houston, Tex.; and R. Neagle, St.
Jude Children's Research Hospital, Memphis, Tenn.
All specimens were collected by cotton swab or in a
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container and frozen until sufficient numbers were
obtained for evaluation. These were then assayed
either undiluted, when possible, or as a 10% crude
mixture in PBS. Selected specimens were pooled,
diluted to a 10% suspension in PBS, and partially
purified by first filtering through four layers of cheese-
cloth and then clarifying the filtrate at 3,000 rpm for 10
min. This material was used as a source of HRV for
EIA and EM titration-sensitivity experiments.
Standard EIA procedure. The EIA procedure was

carried out as outlined in the instruction booklet
included in the Rotazyme diagnostic kit. In brief, a
bead that had been precoated with antirotavirus anti-
body (23) was incubated for 3 h at 45°C with 0.2 ml of
diluted SA-11 or a 10% suspension of fecal sample.
The bead was then washed four times with distilled
water and further incubated for 1 h at 45°C with 0.2 ml
of horseradish peroxidase-conjugated antibody to ro-
tavirus. In positive samples, these incubations result-
ed in the formation on the bead of an antibody-
rotavirus-antibody enzyme sandwich. After the
formation of the complexes, the beads were washed
six times with distilled water and incubated for 15 min
at room temperature in 0.2 ml of o-phenylenedia-
mine-2HCl substrate. The resulting reaction was
stopped by adding 1 ml of N HCI. Since the intensity
of color developed was proportional to the quantity of
enzyme complex on a bead, the amount of viral anti-
gen present in samples was determined spectrophoto-
metrically at a wavelength of 492 nm. All data were
obtained as optical density units at this wavelength.

Confirmatory EIA procedure. Clinical samples posi-
tive by EIA and negative by IEM techniques were
tested by a confirmatory (blocking) EIA. Samples
were treated as described in the standard EIA proce-
dure except that immediately after being incubated in
fecal sample and washed in distilled water, the beads
were incubated for 16 to 18 h at room temperature in
0.2 ml of a 1:100 dilution of anti-NCDV hyperimmune
or preimmune control serum. The beads were then
washed four times with 5-ml volumes of distilled water
and further treated with conjugate and enzyme sub-
strate as described previously. A 50% or greater
reduction in optical density after treatment with hyper-
immune serum was considered positive and confirma-
tory for the presence of rotavirus antigen.

Conventional EM procedure. Partially purified HRV
and SA-11 virus stocks were diluted and used directly,
whereas crude stool specimens were first diluted and
then clarified by low-speed centrifugation for 10 min at
1,500 rpm before EM examination. A drop of sample
was applied to a Formvar carbon-backed 400-mesh
copper specimen grid held in jeweler's forceps. After
60 s, the drop was removed by being blotted from the
edge with Whatman filter paper, and particles adhering
to the grid (non-specifically) were negatively stained
by the immediate application of a drop of 2% phospho-
tungstic acid. After 30 to 60 s, phosphotungstic stain
was removed by being blotted from the edge of the grid
until dry. Grids were prepared in duplicate and exam-
ined in the electron microscope at magnifications
ranging from 20,000 to 45,000x. The average number
of particles per five grid openings was determined and
recorded for comparison with IEM and EIA tech-
niques.
IEM procedure. The IEM technique has previously

been reported (21). Briefly, 400-mesh Formvar car-
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FIG. 1. Dose-response plot comparing sensitivity

of EIA, on-grid IEM, and conventional EM methods
for detecting SA-11 rotavirus.

bon-backed copper specimen grids were sensitized
with anti-SA-11 hyperimmune serum diluted 1:2,000
with PBS. Grids were floated Formvar side down for
15 min on droplets of antiserum and then placed on
three successive droplets of PBS for 60 s each and
blotted dry. Antibody-sensitized grids were next incu-
bated for 15 min on droplets of partially purified HRV
and SA-11 virus or clarified fecal extract, again
washed on three droplets of PBS, negatively stained
for 30 to 60 s with 2% phosphotungstic acid, and
blotted dry. The average number of particles per five
grid openings was determined as in the conventional
EM method. Initially, grids were prepared in dupli-
cate. However, results after this procedure was used
were highly consistent, and this practice was not
followed with ca. the last 150 clinical samples exam-
ined.

Virus particle-counting procedure. Partially purified
HRV and SA-11 virus stocks used in EIA and EM
titration-sensitivity experiments were quantitated by
sensitive thin section (19) and direct-grid (20) sedimen-
tation particle-counting techniques. Stocks of HRV
and SA-11 virus contained 1010 and 109 particles per
ml, respectively.

RESULTS
The EIA and EM techniques used in this

study were first evaluated by the performance of
assays on known concentrations of partially
purified and serially diluted HRV and SA-11
virus samples. A dose-response plot showing
results obtained when serially diluted SA-11
virus was assayed by the EIA, on-grid IEM, and
conventional EM procedures is depicted in Fig.
1. A similar plot of HRV is shown in Fig. 2.
After a careful search of the surface of five grid
openings, neither virus could be detected at
dilutions higher than 1/180 with the conventional
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FIG. 2. Dose-response plot comparing sensitivity
of EIA, on-grid IEM, and conventional EM methods
for detecting HRV.

EM method. However, both HRV and SA-11
viruses were detectable in EIA and IEM assays
in which the viruses were diluted 1/1620. HRV
and SA-11 virus stocks were found by the EM
particle-counting methods (10, 20) to contain
1010 and 109 virus particles per ml, respectively.

Therefore, it was calculated that the EIA and
IEM methods used in this study were capable of
detecting as few as 107 HRV and 106 SA-11 virus
particles per ml. The appearance of a typical
field of rotavirus particles adhering to an anti-
body-sensitized grid is shown in Fig. 3.

After a demonstration of the sensitivity of the
EIA and IEM tests devised, their suitability for
clinical testing was evaluated by assaying 455
stool samples obtained from children suffering
from diarrheal diseases. The results of these
assays are summarized in Fig. 4. Rotavirus
particles could generally be found in EIA-posi-
tive samples within 5 min of searching with the
on-grid IEM technique. The vast majority of
particles were single shelled (Fig. 3 and 5b), but
double-shelled particles (Fig. 5a) were occasion-
ally detected. Exclusively double-shelled popu-
lations were never observed. Viral capsomeres
(Fig. 5c) were sometimes found in the absence of
complete single- or double-shelled particles. Of
the 197 specimens positive by IEM, 193 were
also positive by EIA, which corresponds to a
sensitivity of 98%. Of the 258 samples negative
by IEM, 238 were negative by EIA, yielding a
specificity of 92%.
As shown in Fig. 4, a number of specimens

positive by EIA were negative by IEM. For this

FIG. 3. Typical field of negatively stained SA-11 rotavirus particles attached to an antibody-sensitized
microscope grid.
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FIG. 4. Scattergram showing results derived when
455 human stool samples were tested for the presence
of rotavirus by the EIA and on-grid IEM procedures.
The horizontal line corresponds to an EIA cutoff of
0.07 optical density units.

reason, a confirmatory (blocking) EIA was used
to determine whether these results represented
false-positive reactions or whether the EIA test
might be slightly more sensitive than the IEM
technique. Table 1 shows the degree of inhibi-
tion found when EIA-positive and IEM-negative
specimens were tested. In all tests, 50% or

greater inhibition was obtained, which further
indicates the high specificity of the EIA used.

DISCUSSION
The need for rapid and reliable viral diagnostic

procedures has led to the development of a
number of sensitive immunoassays for rota-
virus. The success of the EIA (Rotazyme) and
IEM techniques used in this study may be
attributed to (i) the ease with which SA-11 virus
can be grown and purified from tissue culture (6,
15, 16), (ii) the serological cross-reactivity
among rotavirus of different species (32, 35, 38),
(iii) the ability of plastic beads (26) and plastic-
coated EM grids (7) to adsorb immunoglobulins,
and (iv) the knowledge that infected human
feces contain copious quantities of incomplete
rotavirus particles lacking outer shells. The lat-
ter is essential since the common antigenic de-
terminants with which heterologous antibodies
combine reside on the inner shells of rotavirus
particles (35).
There has always been controversy with re-

gard to the sensitivity and reliability of the

TABLE 1. Confirmatory assay for rotavirus
Control Blocking assay Percent

Sample no. (optical density (optical density blocking"
units) units)

1 2.000 0.493 75
2 0.749 0.249 70
3 0.705 0.070 90
4 0.583 0.088 93
5 0.465 0.195 58
6 0.410 0.032 92
7 0.407 0.111 73
8 0.377 0.039 90
9 0.326 0.056 83

10 0.285 0.085 70
11 0.255 0.093 64
12 0.209 0.084 60
13 0.173 0.035 80
14 0.163 0.050 69
15 0.095 b̂ 0.033 65
16 0.094 0.034 64
17 0.083 0.023 72
18 0.081b 0.022 73

a Specimen was considered positive if 50% or more
inhibition was obtained after incubation with anti-
NCDV serum.

b Specimens were negative for rotavirus by the on-
grid IEM method.

conventional EM-negative staining method (14).
Factors which may affect the reliability of this
method include virus size, concentration and
purity, wetting properties of grids used, reagents
used, time devoted to searching in samples, and
operator skill. It has been shown that the con-
centration of fecal samples by ultracentrifuga-
tion only slightly improves the sensitivity of
viral diagnosis by this method (27). Moreover, if
the particles have a high propensity for sponta-
neous aggregation (24), they may be inadvertent-
ly removed from grids during the blotting proce-
dure. For these reasons, most microscopists
would agree that a minimum of 108 particles per
ml of sample are necessary to permit the reliable
detection of virus in a reasonable period of time
with this method. In this study, conventional
EM was three times more sensitive in detecting
HRV than SA-11, further demonstrating the
inconsistency of the technique.
The results of this study show that the direct

EIA and on-grid IEM techniques are approxi-
mately equivalent in sensitivity and reliability.
Compared with the conventional EM method,
both techniques were about nine times more
sensitive in detecting purified SA-11 and three
times more sensitive in detecting HRV in crude
stool samples. Based on the evaluation of 455
clinical stool specimens and knowledge of the
sensitivity of the techniques used, we estimated
that most rotavirus-positive fecal samples con-
tain a minimum of 108 virus particles per ml of a
10% suspension. Thus, both the EIA and on-grid
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FIG. 5. Rotavirus particles detected in feces of children suffering from gastroenteritis. (a) Complete double-
shelled particles. (b) Incomplete single-shelled particles. (c) Viral debris (capsomeres). Most positive specimens
contained predominantly single-shelled particles.

IEM techniques appear to be quite adequate for
making accurate clinical diagnoses.

It has recently been reported that pretreat-
ment of EM grids with staphylococcal protein A
before antibody incubation improves serological
trapping of plant viruses (31) and rotavirus (25).
The authors pointed out that the concentration
of protein A used was extremely critical and
varies for different viruses. Moreover, 18 h of
incubation of rotavirus specimens with protein
A-antibody-sensitized grids was necessary to
maximize the trapping of particles. In the pres-
ent study, the complete procedure for sensitiz-
ing grids and trapping virus particles required
only ca. 35 min. The high sensitivity and speci-
ficity obtained by both the IEM and EIA meth-
ods used in this study and the high degree of
correlation demonstrated when results from the
two tests were compared suggest that little
would have been gained by lengthening the IEM
test to include incorporation of protein A into
the grid-sensitization process.
Approximately 8% of clinical samples nega-

tive by the IEM method were positive by EIA.
All of these specimens were borderline or low
positives but could be confirmed by the EIA
blocking assay. The occurrence of false-positive
results with EIA and radioimmunoassay tests
and the desirability of the use of confirmatory
blocking assays has been advocated by others

(3, 30). The failure to detect virus by IEM in
these EIA-positive samples can partially be ex-
plained by the exclusive observation of viral
debris (Fig. 5c) and no intact virus particles in a
few samples. Although such debris may be anti-
genically detectable by EIA, it could have easily
been overlooked by EM in other specimens. It is
also possible that some of the EIA-positive
samples not tested in the blocking assay were
false-positives. False EIA-positive samples due
to the presence of Staphylococcus organisms in
fecal samples have been reported (3). Cultured
Staphylococcus containing protein A gave a
strong reaction with EIA, but when mixed with
normal fecal extract, this reaction did not devel-
op (unpublished data).

It is of interest that a few samples positive by
IEM were negative in the EIA test. The reasons
for these discrepancies are not clear but may
have been caused by inhibitors present in fecal
samples that interfere with the first EIA binding
step. Another possibility is that the common
antigenic determinants on observed virus parti-
cles were somehow blocked by the antibodies of
the patients.

Previous comparative studies between EM
and immunoassay tests have generally been
based on indirect EIA and conventional EM-
negative staining procedures (3). Although the
sensitivity of these EIA tests was good for
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research purposes, the specificity often ap-
proached unacceptable levels. The high degree
of specificity demonstrated in this study is due
to the use of a direct EIA system. The on-grid
IEM technique has the desirable feature of di-
rect virus visualization, but it in no way pre-
cludes use of a more practical EIA such as

Rotazyme in clinical diagnoses.
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