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The first cases of infection caused by avian metapneumoviruses (aMPVs) were described in turkeys with
respiratory disease in South Africa during 1978. The causative agent was isolated and identified as a pneu-
movirus in 1986. aMPVs have been detected in domestic nonpoultry species in Europe, but tests for the
detection of these viruses are not available in the United States. To begin to understand the potential role of
domestic ducks and geese and wild waterfowl in the epidemiology of aMPV, we have developed and evaluated
a blocking enzyme-linked immunosorbent assay (bELISA) for the detection of aMPYV type C (aMPV-C)-specific
antibodies. This assay method overcomes the species-specific platform of indirect ELISAs to allow detection of
aMPV-C-specific antibodies from potentially any avian species. The bELISA was initially tested with experi-
mental turkey serum samples, and the results were found to correlate with those of virus neutralization assays
and indirect enzyme-linked immunosorbent assay iELISA). One thousand serum samples from turkey flocks
in Minnesota were evaluated by our bELISA, and the level of agreement of the results of the bELISA and those
of the iELISA was 94.9%. In addition, we were able to show that the bELISA could detect aMPV-C-specific
antibodies from experimentally infected ducks, indicating its usefulness for the screening of serum samples
from multiple avian species. This is the first diagnostic assay for the detection of aMPV-C-specific antibodies

from multiple avian species in the United States.

Avian metapneumoviruses (aMPVs) belong to the family
Paramyxoviridae, subfamily Pneumovirinae, and genus Meta-
pneumovirus (19). aMPVs cause an acute upper respiratory
disease characterized by coughing, nasal discharge, tracheal
rales, foamy conjunctivitis, and sinusitis that have been re-
ported principally in turkeys; but cases have been identified in
chickens, ducks, pheasants, and guinea fowl (3, 7, 9, 21). The
first cases were described in turkeys in South Africa in 1978,
and the causative agent was isolated and identified as a pneu-
movirus in 1986 in Europe (4, 14, 17). Since its initial identi-
fication in Europe, the virus has spread throughout most of
Europe, Japan, and South America (1, 7, 25). In 1997, the first
aMPV was isolated from commercial turkeys in Colorado with
a respiratory disease, and this strain was found to differ from
previous aMPV isolates (20; R. K. Edson, Proc. 101st Annu.
Meet. U.S. Anim. Health Assoc., p. 471-472, 1997).

Identification of aMPV infection in turkey flocks routinely
involves serology, reverse transcriptase PCR, and virus isola-
tion assays (7, 10). Reverse transcriptase PCR and virus isola-
tion are generally labor-intensive, expensive, and dependent
on the duration of virus replication in the animal, which usually
ends before clinical signs develop (16). Serologic evidence of
infection is present long after infection (7). The ability to use
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serum to determine present or past infection increases the
possibility of discovering whether birds have been exposed to
aMPV, while serum can be used for serologic testing, which is
to easy to perform and inexpensive.

aMPVs have been tentatively designated type A, B, C, or D
on the basis of virus neutralization and sequence analysis (6, 7,
15). Type A and B viruses are found in Europe, Japan, and
South and Central America; type D is found in France; and
type C is found only in the United States (1, 3, 7, 25; Edson,
Proc. 101st Annu. Meet. U.S. Animal Health Assoc., p. 471-
472, 1997). Due to differences in the amino acid sequences
among the different types, serologic tests do not cross-react
among all subtypes (7).

Many enzyme-linked immunosorbent assays (ELISAs) have
been developed for the detection of antibodies to aMPV. The
ELISAs for aMPV type C (aMPV-C) available in the United
States use whole virus prepared from lysed cell culture as an
antigen and depend on anti-turkey or anti-chicken secondary an-
tibodies for virus detection (5). On the basis of the results of these
assays, aMPV infections in the United States are detected only in
Minnesota. In 1999, 37% of turkey flocks in Minnesota were
positive for aMPV antibodies by ELISA, while 48.7% were pos-
itive in 2000 (5, 12). Additionally, Gulati et al. (12, 13) have
developed two recombinant ELISAs using the matrix or nucleo-
capsid protein as the antigen for the detection of antibodies to
aMPV-C. Although these ELISAs are sensitive and specific, they
can detect antibodies only in samples from turkeys and chickens.
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aMPV has been reported in farm-reared pheasants, ducks,
and guinea fowl outside of the United States (7, 9, 24, 27).
Much of the research in the United States has focused on
turkey and wild birds, while little attention has been focused on
farm-raised ducks and geese. The presence of the virus in
experimentally infected ducks and the recent isolation of
aMPV from wild geese demonstrate that these birds may also
harbor the virus (21, 22). A quick and inexpensive test is
needed to determine the infection status of domestic geese and
ducks. Such a test could also be used to determine the infection
status of other poultry or wild birds. To resolve this shortfall
and to better understand the epidemiology of aMPV, we de-
veloped a blocking ELISA (bELISA) for the detection of
aMPV-C-specific antibodies in a broader range of hosts.

MATERIALS AND METHODS

Virus purification. The aMPV-C isolate used in this study, aMPV/turkey/
Colorado/97 (aMPV/CO), was obtained from the National Veterinary Service
Laboratory, Ames, Iowa. The virus was originally isolated from commercial
turkeys in Colorado with respiratory signs (18). Vero cells were inoculated with
aMPV/CO and frozen at —70°C at 72 h postinfection. Infected cells were sub-
jected to three rounds of freezing-thawing. The virus was inactivated by treat-
ment with 0.1% B-propiolactone (Sigma, St. Louis, Mo.) at room temperature
for 2 h, followed by refrigeration overnight. Cell debris was removed by clarifi-
cation by centrifugation at 10,000 X g for 30 min at 4°C. The virus was pelleted
by ultracentrifugation at 80,000 X g for 2 h and resuspended in 2 M Tris buffer
(pH 8.8) and then centrifuged (76,000 X g for 2 h) through a sucrose cushion of
20 and 60% (wt/vol). The band was collected and diluted in Tris buffer, overlaid
on a sucrose gradient (20 to 70%), and centrifuged at 76,000 X g for 2 h (11). The
virus band was collected and resuspended in a 1:6 volume of Tris buffer and
pelleted as described above. The purified virus was rinsed to remove the sucrose
and resuspended in Tris buffer to a concentration of approximately 1 mg/ml. The
protein concentration was determined with the BCA Protein Assay kit (Pierce,
Rockford, Il1.). This purified product was used as antigen for antibody produc-
tion and as antigen for both the indirect ELISA (iELISA) and the bELISA.

aMPV antibody production. The Polyclonal Antibody Production Service,
University of Georgia, Athens, Ga., prepared the aMPV-C antiserum. New
Zealand White rabbits received 0.5 ml (225 wg) of inactivated purified aMPV-C
antigen with Freund’s complete adjuvant. Subsequent immunizations consisting
of Freund’s incomplete adjuvant and 225 pg of antigen were given at 21 and 58
days. Rabbits were bled at 91 days after the initial immunization. Immunoglobu-
lins were purified from total serum proteins by using a T-Gel Purification kit
(Pierce). The purified rabbit polyclonal antibody samples were then directly
conjugated to horseradish peroxidase (HRP) by using an EZ-Link Activated
Peroxidase Antibody Labeling kit (Pierce). The rabbit aMPV antibody conju-
gated to HRP has been tested by ELISA and Western blotting analysis and does
not react with noninfected Vero cells or other avian viruses.

Serum samples. (i) Turkey hyperimmune serum. Eleven 4-week-old specific-
pathogen-free Small Beltsville White turkeys from an in-house flock received 1
ml of B-propiolactone-inactivated aMPV/CO (40 wg) in an oil emulsion as a
vaccine or a sham control preparation by subcutaneous injection in the back of
the neck. The turkeys were vaccinated again at 2 weeks and were bled at 28 days
after the initial inoculation.

(ii) Turkey convalescent-phase serum. Turkeys were obtained from British
United Turkeys of America (Lewisburg, W. Va.). At 2 weeks of age, the turkey
poults were inoculated via the intranasal route with live aMPV/CO (10*° 50%
tissue culture infective doses [TCIDsqs] per ml), Escherichia coli (107 CFU/ml),
or Newcastle disease virus (NDV; 10° 50% egg infectious doses/ml) or were sham
inoculated as described previously (26). Serum samples were collected at days 0,
8, and 14 postinoculation.

(iii) Field serum samples. A total of 1,000 individually labeled turkey serum
samples were obtained from the Minnesota Poultry Testing Laboratory (MPTL),
Willmar, Minn. The serum samples were individually labeled and tested by both
the bELISA and the diagnostic iELISA (described below).

Experimental infection of Pekin ducks. Specific-pathogen-free Pekin duck
eggs were obtained from Cornell University, Ithaca, N.Y. Once the ducks
hatched, the ducks were housed in stainless steel isolation cabinets in negative-
pressure isolation rooms within a biosafety level 3 agriculture facility at South-
east Poultry Research Laboratory, Athens, Ga. The ducks were inoculated at 2
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weeks of age with 10** TCIDs,s of aMPV/CO in a 0.2-ml dose via the intranasal
route. Serum samples were taken at 0 and 14 days postinoculation.

VN assay. The virus neutralization (VN) assay was preformed in replicates of
four. Each serum sample was assayed on Vero cells in a 96-well flat-bottom tissue
culture plate. Test serum, diluted 1:2 to 1:512, was added to 100 TCIDs,s of
aMPV/CO, and the mixture was incubated for 30 min at 37°C. After incubation,
50 pl was inoculated onto Vero cell monolayers, and the mixture was incubated
for 30 min. This was followed by the addition of 150 pl of minimum essential
medium with 3% fetal bovine serum. The cell monolayers were then monitored
for cytopathic effects (23).

iELISA. Two iELISAs were used in this study. An iELISA was developed at
the Southeast Poultry Research Laboratory to test experimental samples as
described previously (26). Briefly, ELISA plates were coated with 2 ug of puri-
fied aMPV/CO per ml and incubated overnight. After blocking of the plates, test
serum was added at a starting dilution of 1:25, followed by the addition of fivefold
dilutions. An HRP-conjugated goat anti-turkey immunoglobulin G (IgG) anti-
body (Southern Biotech, Birmingham, Ala.) was added to detect bound antibod-
ies. Serum samples with optical densities (OD) of 3 standard deviations above
the ODs for the negative controls were considered positive for aMPV antibodies.
Each plate contained multiple positive and negative serum samples to serve as
controls. The second iELISA used in this study was the diagnostic iELISA
presently used at the Minnesota Poultry Testing Laboratory (5).

bELISA. For the bELISA, Immulon 4HBX (Dynex, Chantilly, Va.) plates were
coated with 2 pg of purified aMPV/CO per ml and incubated overnight at 4°C in
0.1 M bicarbonate coating buffer (pH 9.6). The plates were blocked with 1%
polyvinylpyrrolidone for 1 h at room temperature (Sigma). The test serum
sample was added at a 1:5 dilution, and the plate was incubated for 1 h at room
temperature. The plates were washed with phosphate-buffered saline-Tween 20
(0.05%). After the plate was washed, HRP-conjugated rabbit aMPV/CO anti-
body was added, and antibodies were detected by using an o-phenylenediamine
dihydrochloride substrate. Substrate development was stopped by the addition of
2 M sulfuric acid, and the OD at 490 nm was determined. Serum samples with
ODs 3 standard deviations below the ODs for the negative controls were con-
sidered positive. The cutoff value of 3 standard deviations (99.7%) was chosen to
increase the stringency of the test and to help eliminate potential false-positive
results. Each plate contained multiple positive and negative serum samples as
controls. Noninoculated Vero cells and serum samples infected with avian influ-
enza virus (AIV), NDV, and bovine respiratory syncytial virus were included as
negative controls. Optimal antigen and rabbit aMPV/CO-HRP antibody con-
centrations were determined by standard checkerboard titration (8).

Western blotting analysis. Purified aMPV/CO was separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis with a 10% polyacrylamide gel
(Bio-Rad, Hercules, Calif.) under reducing conditions and transferred to a ni-
trocellulose membrane. The membrane was blocked with 5% nonfat dry milk in
Tris-buffered saline with 0.01% Tween 20 (TBST) for 1 h (2). Serum samples
were added at a 1:50 dilution and incubated for 1 h at room temperature or 4°C
overnight. The membrane was washed in TBST, incubated with goat anti-turkey
IgG-HRP or goat anti-rabbit IgG (Southern Biotech), and detected with en-
hanced chemiluminescence reagents (Amersham Pharmacia Biotech, Piscat-
away, N.I.).

Statistics. Results from the iELISA and the bELISA were tested for correla-
tion by using the Pearson product moment correlation with personal computer-
based software (SigmaStat; Jandel Scientific, San Rafael, Calif.).

RESULTS

Experimental turkey samples. (i) Turkey hyperimmune se-
rum. Serum samples from the 11 sham-vaccinated and aMPV-
C-vaccinated turkeys were tested for aMPV antibodies by a
VN assay and iELISA. Sera from eight of the nine aMPV-C-
vaccinated turkeys were found to have neutralizing antibodies
to aMPV/CO, as detected by the VN assay (Fig. 1). Sera from
all nine of the aMPV-C-vaccinated turkeys had detectible an-
tibodies to aMPV/CO, as determined by both the iELISA and
the bELISA. No aMPV-C-specific antibodies were detected in
the sera from the two sham-vaccinated turkeys by any of the
assays.

(ii) Turkey convalescent-phase serum. Turkeys from British
United Turkeys of America inoculated with live aMPV/CO all
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FIG. 1. Antibody titers from turkey hyperimmunne serum. The
graph shows the ODs from the bELISA. Values below 0.143 represent
positivity for antibodies to aMPV. Gray bars, vaccinated turkeys; white
bars, control turkeys; dotted bars, positive (gray) and negative (white)
controls. The results of the VN assay and the iELISA are presented
below the graph. Serum samples were taken 4 weeks after initial
vaccination.

developed antibodies to the virus by 15 days postinoculation
(Fig. 2). Serum samples from the turkeys inoculated with E.
coli, ATV, and NDV showed no activity by the VN assay and
were negative by both the iELISA and the bELISA. Although
some of the serum samples from the aMPV/CO-inoculated
turkeys taken at 8 days postinoculation did have detectable
antibodies by the iELISA, neither the bELISA nor the VN
assay detected antibodies (data not shown). All aMPV-C-in-
fected birds had detectable antibodies by 14 days postinocula-
tion (Fig. 2).

Field turkey samples. (i) Comparison of ELISAs. A total of
1,000 serum samples collected from turkeys in the field in
Minnesota in 2001 were tested by the diagnostic iELISA and
the bELISA (Table 1). Of the 1,000 turkey serum samples
tested, 235 were positive for aMPV-C-specific antibodies by
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TABLE 1. Comparison of results of bELISA to those of diagnostic
iELISA for 1,000 turkey field serum samples

No. (%) of serum samples with the following result

iELISA result by bELISA:
Positive Negative Total
Positive 235 42 280
Negative 9 714 720
Total 244 756 51 (5.1)

“ Of 100 serum samples evaluated.

both our bELISA and the iELISA, while 714 samples were
negative by both tests. A total of 280 turkey serum samples
were positive and 720 serum samples were negative by the
diagnostic iELISA, while 244 serum samples were positive and
756 serum samples were negative by the bELISA. When the
results for the individual samples were compared, the results
for 51 of the serum samples were not in agreement, resulting in
a 94.9% agreement between the two ELISAs, which is signif-
icant (R = 0.871; P < 2.1 X 103!,

(ii) Western blotting analysis. The 51 samples with discrep-
ant results from the direct comparison were further analyzed
by Western blotting (Fig. 3). Western blots were used to de-
termine the presence or absence of aMPV-C-specific antibod-
ies in the serum samples with discrepant results. Lanes with
bands specific for aMPV-C proteins were considered positive
for aMPV-C-specific antibodies. Western blotting analysis de-
termined that 27 of the 50 serum samples tested were positive
for aMPV-C-specific antibodies and 23 were negative. One
serum sample did not have a sufficient volume for the Western
blotting analysis. Three samples had false-positive results and
24 samples had false-negative results by the bELISA, as deter-
mined from the results of Western blotting (Table 2). Multiple
banding patterns were noted in the field serum samples, indi-
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FIG. 2. Antibody titers in convalescent-phase turkey serum samples. The graph shows the ODs from the bELISA. Values below 0.284 represent
positivity for antibodies to aMPV. White bars, controls; bars with vertical stripes, E. coli-infected serum samples; bars with diagonal stripes,
NDV-infected serum samples; gray bars, aMPV-infected serum samples; dotted bars, positive (gray) and negative (white) controls. The results of
the VN assay and the iELISA are presented below the graph. Serum samples were taken at 14 days postinoculation.
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FIG. 3. Western blot of field turkey serum samples. Purified
aMPV/CO antigen was separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to a nitrocellulose mem-
brane. Serum samples were added at a 1:50 dilution and detected with
a goat anti-turkey antibody. The Western blot demonstrates the dif-
ferent banding patterns seen for field turkey serum samples with dis-
crepant results between the iELISA and the bELISA (lanes 2, 4, 5, 6,
and 7), a positive control (lane 1), and a negative control (lane 3). The
numbers on the left are molecular masses (in kilodaltons).

cating that the turkeys have various immunological responses
to individual viral proteins (Fig. 3).

Experimental infection of Pekin ducks. Serum samples from
experimentally infected Pekin ducks were tested for the pres-
ence of aMPV-C-specific antibodies by a VN assay. The serum
samples were then tested by the bELISA. The sera from all
inoculated ducks had detectable antibodies to aMPV/CO by 15
days postinoculation, while the sera from the control ducks
remained negative throughout the experiment (Fig. 4). The
clinical signs of aMPV-C infection observed in the ducks in-
oculated with live aMPV/CO were limited to increased mucus
in the sinus cavity, observed at 2 to 6 days postinoculation (data
not shown). The bELISA was able to detect all of the aMPV-

TABLE 2. Analysis of turkey field serum samples for which the
results of in the bELISA and the iELISA disagreed”

No. (%) of serum samples with the following result

bELISA result by Western blotting:

Positive Negative Total
Positive 3 3 6
Negative 24 20 44
Total 27 23 27° (54)

“The results of Western blotting analysis were compared to those of the
bELISA.
> Of 50 serum samples tested.
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FIG. 4. Antibody titers in experimentally infected ducks. The graph
shows the ODs from the bELISA. Values below 0.34 represent posi-
tivity for antibodies to aMPV. Gray bars, vaccinated turkeys; white
bars, control turkeys; dotted bars, positive (gray) and negative (white)
controls. The results of the VN assay and the iELISA are presented
below the graph. Serum samples were taken at 14 days postinoculation.

C-positive duck serum samples, as confirmed by VN assays
(Fig. 4).

DISCUSSION

Since the appearance of aMPV in the United States in 1997,
researchers have speculated that wild birds were a reservoir,
harboring and disseminating the virus. Shin et al. (22) detected
viral nucleic acids in wild birds captured on or near farms with
aMPV-C-infected turkeys in Minnesota. Although the origin
of the virus is unknown, their research indicates that the vi-
ruses found in turkeys can be isolated from wild birds. This was
also demonstrated by Shin et al. (21), in which experimentally
inoculated ducks had signs of aMPV-C infection. They de-
tected virus in oral swab specimens and neutralizing antibod-
ies, indicating that aMPV-C can replicate in ducks. The exper-
imental findings from the present study also demonstrate that
ducks are able to replicate the virus, as determined by virus
reisolation from choanal swab specimens (data not shown), the
observation of increased amounts of mucus in the sinus cavities
(data not shown), and the production of a measurable antibody
response (Fig. 4). In order to more thoroughly identify and
understand potential reservoirs of aMPV, such as farm-reared
geese and ducks, as well as wild waterfowl, we developed a
bELISA that can be used to detect antibodies to aMPV-C
regardless of the host species.

Our bELISA was tested and optimized with sera from dif-
ferent experimentally infected turkeys (Figs. 1 and 2). The
bELISA did not detect any antibodies in NDV-, AIV-, or E.
coli-infected turkeys. The aMPV-C-specific antibody status of
the experimental serum samples was first determined by VN
assays and an iELISA. All serum samples from infected birds
that were positive by VN assays were also found to be positive
by the bELISA. The iELISA was able to detect virus in serum
samples that were collected from experimentally infected birds
at 8 days postinoculation but in which virus was not detected by
the bELISA or VN assay. By day 14, antibodies were detected
by all assays. This was not surprising, since bELISAs are gen-
erally less sensitive than iELISAs (8). To compensate for the
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reduced sensitivity of the bELISA, we were able to reduce the
dilution of the test serum from 1:25 to 1:5 without increasing
the background. Even more concentrated serum samples can
be tested by the bELISA with minimal increases in back-
ground; however, we chose a dilution of 1:5 due to the limited
total volume for some samples. When the bELISA was tested
for specificity, it did not recognize serum antibodies to AIV,
NDYV, or bovine respiratory syncytial virus.

After the bELISA was used to test the experimental serum
samples, the bELISA was used to analyze 1,000 field turkey
serum samples collected in 2001 at the Minnesota Poultry
Testing Laboratory. The results of the bELISA and the diag-
nostic iELISA had a high level of agreement (94.9%). When
the results of the two tests were compared, the results for only
51 of the 1,000 samples tested differed. The serum samples
whose results differed between the two ELISAs were analyzed
by Western blotting. Of these, 27 were positive and 23 were
negative for aMPV antibodies. When the results of the
bELISA were compared with those of the diagnostic iELISA
and Western blotting, the bELISA was able to correctly iden-
tify the presence or absence of aMPV antibodies in 97.3% of
the samples, demonstrating a high level of sensitivity compa-
rable to that of the diagnostic assay used at present. The
bELISA did have a slight increase in the rate of false-negative
results compared with the rate for the diagnostic iELISA, but
the bELISA has the advantage of being able to test samples
from multiple avian species.

To demonstrate that this assay can effectively and accurately
detect aMPV-C-specific antibodies from non-turkey serum
samples, we used the bELISA to test serum from experimen-
tally infected Pekin ducks. We found that the bELISA was just
as effective at detecting aMPV-C-specific antibodies from duck
sera as it was at detecting aMPV-C-specific antibodies from
turkey sera (Fig. 1, 2, and 4). The bELISA was slightly less
sensitive than the iELISA at detecting aMPV-C-specific anti-
bodies, but it was more sensitive than the VN assay. The ability
of the bELISA to detect aMPV-C-specific antibodies in both
turkeys and ducks, along with its demonstrated specificity, sup-
ports the potential usefulness of the bELISA for the detection
of aMPV-C-specific antibodies in any avian serum sample.
Because aMPV continues to cause problems in the United
States, research is needed to determine the extent of aMPV
infection in domestic poultry, domestic geese, and ducks, as
well as the extent of infection in wild birds.
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