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The matrix (M) protein of avian pneumovirus (APV) was evaluated for its antigenicity and reliability in an
enzyme-linked immunosorbent assay (ELISA) for diagnosis of APV infection, a newly emergent disease of
turkeys in United States. Sera from APV-infected turkeys consistently contained antibodies to a 30-kDa protein
(M protein). An ELISA based on recombinant M protein generated in Escherichia coli was compared with the
routine APV ELISA that utilizes inactivated virus as antigen. Of 34 experimentally infected turkeys, 33 (97.1%)
were positive by M protein ELISA whereas only 18 (52.9%) were positive by routine APV ELISA 28 days after
infection. None of the serum samples from 41 uninfected experimental turkeys were positive by M protein
ELISA. Of 184 field sera from turkey flocks suspected of having APV infection, 133 (72.3%) were positive by M
protein ELISA whereas only 99 (53.8%) were positive by routine APV ELISA. Twelve serum samples, which
were negative by M protein ELISA but positive by routine APV ELISA, were not reactive with either recom-
binant M protein or denatured purified APV proteins by Western analysis. This indicates that the samples had
given false-positive results by routine APV ELISA. The M protein ELISA was over six times more sensitive than
virus isolation (11.5%) in detecting infections from samples obtained from birds showing clinical signs of APV
infection. Taken together, these results show that ELISA based on recombinant M protein is a highly sensitive
and specific test for detecting antibodies to APV.

Avian pneumovirus (APV) is a member of the genus Meta-
pneumovirus in the family Paramyxoviridae (19). The virus
causes turkey rhinotracheitis, an acute upper respiratory tract
infection of turkeys characterized by coughing, nasal discharge,
tracheal rales, foamy conjunctivitis, and sinusitis in young
poults. In laying birds, there is a transient drop in egg produc-
tion along with mild respiratory tract illness (12). Uncompli-
cated cases of APV infection have low mortality (2 to 5%), but
infections accompanied by secondary bacterial and/or viral in-
fections can result in up to 25% mortality (reviewed in refer-
ence 12). After it was detected in South Africa in 1978, APV
infection was diagnosed in the United Kingdom, France,
Spain, Germany, Italy, Netherlands, Israel, and countries in
Asia (1, 12). The United States was free of APV infection until
1996, when the disease was reported in Colorado (14, 17, 23).
Subsequently, APV infection was found in turkeys in Minne-
sota, from where it is spreading to neighboring states (14, 15).
In 1999, 37% of the turkey flocks in Minnesota were positive
for APV antibodies, causing economic losses of approximately
$15 million.

APV infection is diagnosed by the demonstration of virus
particles or nucleic acid in infected tissues or by the detection
of anti-APV antibodies in convalescent-phase sera. Virus iso-
lation can be performed in tracheal organ cultures, chicken
embryo fibroblasts, or Vero cells (9), but it is time-consuming
and often unsuccessful. APV RNA can be detected for a short
period (2 to 10 days postinfection) by reverse transcriptase

PCR (RT-PCR) in tracheal and choanal swabs (12, 25). Anti-
bodies to APV are detectable for many weeks by enzyme-
linked immunosorbent assay (ELISA), which is more rapid and
economical than virus isolation or RT-PCR (4, 7, 10). During
the first few months of the APV outbreak in the United States,
it was not possible to detect the virus serologically using test
reagents based on European APV isolates because of the lack
of cross-reactivity. An ELISA based on the lysate from APV-
infected cells as antigen was later developed at the National
Veterinary Service Laboratories, Animal and Plant Health In-
spection Service, U.S. Department of Agriculture, using inac-
tivated purified Colorado isolate of APV (APV/CO) as an
antigen. This test was later modified for routine detection of
APV antibodies in turkeys in Minnesota (5). Unfortunately,
this routine ELISA produces inconsistent results that depend
on the infectivity of the virus isolate used for antigen prepara-
tion (5).

The APV genome is a linear molecule of negative-sense,
nonsegmented single-stranded RNA of 13.3 kb that contains
eight genes in the order 39-N-P-M-F-M2-SH-G-L-59. The NS1
and NS2 genes present in mammalian pneumoviruses are not
found in APV (19, 20). Antigenic diversity among APV isolates
is well documented among European isolates, in which two
serologically distinct subgroups (A and B) have been described
(20). These variations are mainly in the F (fusion) and G
(attachment) proteins (24). Serological and molecular studies
have indicated that APV isolates in the United States are
distinct from those of subgroup A and B APV isolates in
Europe and South Africa (15, 17, 23). Therefore, an ELISA
based on a protein that is relatively conserved among different
isolates of APV from the United States would be appropriate
for use as a diagnostic test. Sequence analysis and predicted
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amino acid sequence of the matrix (M) gene from European
and U.S. isolates of APV have indicated that it is relatively
conserved (21, 23, 24). For example, the M gene has 98%
nucleotide similarity among three U.S. isolates, with only one
nonsynonymous change, and 73% sequence similarity between
European subgroups A and B (21, 24). To determine the an-
tigenicity of the M protein and its utility as an ELISA antigen
in APV infections, we expressed the M protein of APV in E.
coli and developed an M protein ELISA, which was found to
be more sensitive and specific than the ELISA currently used
for serological diagnosis of APV.

MATERIALS AND METHODS

Production and purification of recombinant APV M protein. M gene cDNA
clones of Minnesota 2A (APV/MN2A) and Colorado (APV/CO) strains of APV
were isolated from the pCR-XL-TOPO vector (Invitrogen, Carlsbad, Calif.) (23)
by PCR using a 59 primer with a BamHI restriction site and a 39 primer with a
KpnI restriction site. Using these unique restriction sites, the APV genes were
subcloned into a pQE-30 vector (Qiagen Inc., Valencia, Calif.) as specified by the
manufacturer. The cDNA clones in expression plasmids were sequenced (both
strands), using fluorescently labeled dideoxynucleotides, with an automated se-
quencer (26). Both clones contained sequences identified as the APV M gene
(23). The pQE-30 vector has arginine-glycine-serine (RGS) and six consecutive
histidine (His6 tag) coding sequences 59 to the cloning region for purification and
detection. Proteins were expressed in Escherichia coli strain M15 containing the
repressor pREP4 plasmid, which constitutively expresses Lac repressor protein
encoded by the lacI gene. Expression of M protein was induced by inactivating
the Lac repressor protein by adding isopropyl-b-D-thiogalactoside, which en-
abled the E. coli RNA polymerase to transcribe downstream of the phage T5
promoter (cloning region). Proteins were purified using nickel-nitrilotriacetic
acid metal affinity chromatography matrices which bind the His6 tag. The purity
of the proteins was analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and confirmed by Western analysis using antibodies
against the RGS-histidine tag. To eliminate contaminating E. coli proteins eluted
from the nickel-nitrilotriacetic acid matrices, the M proteins were gel purified by
electroelution followed by dialysis in phosphate-buffered saline.

Purification of APV. APV/MN1A- or APV/MN2A-infected Vero cells were
harvested 72 h postinfection, lysed with 0.5% IGEPAL CA-630, and clarified at
10,000 3 g for 20 min at 4°C. The virus was pelleted through a 30% (wt/wt)
sucrose cushion at 25,000 rpm for 5 h in an SW28 rotor. The pellet was resus-
pended in 10 mM Tris HCl (pH 7.4), overlaid on a CsCl density gradient (density
between 1.2 and 1.6), and centrifuged in an SW41 rotor at 25,000 rpm overnight
at 4°C. An opalescent band at a specific density between 1.31 and 1.37 was
collected and dialyzed in phosphate-buffered saline. An APV preparation passed
through the sucrose gradient but not through the CsCl gradient was used as
partially purified virus.

Western blot analysis. Purified APV proteins or recombinant APV M protein
were separated by SDS-PAGE using a 15% polyacrylamide gel under reducing
conditions and transferred to a polyvinylidene difluoride membrane by electro-
blotting (11, 27). The membrane was blocked for 1 h with 10% nonfat dry milk
at room temperature before being incubated with a 1:40 dilution of turkey serum
samples for 1 h. The membrane was washed three times with Tris-borate buffer
containing 0.05% Tween 20, incubated with horseradish peroxidase-conjugated
goat anti-turkey immunoglobulin G (IgG) (heavy and light chains) (Kirkegaard
& Perry Laboratories, Gaithersburg, Md.), and detected by chemiluminescence
using high-performance films (Amersham International, Little Chalfont, En-
gland).

Virus isolation. We attempted to isolate virus from samples collected from
turkeys showing clinical signs of APV infection. Nasal turbinate tissues or swabs
from exposed asymptomatic birds (in barns where other birds were showing overt
clinical signs of APV) or from birds with early signs (rales, mild turbinate
swellings) were processed for APV isolation. The samples were homogenized
and cultured in chicken embryo fibroblasts for five blind passages (each passage
was incubated for 48 to 72 h) and then passaged in Vero cells. In Vero cells,
cytopathic changes could be observed as early as in the second passage. In the
absence of detectable cytopathic changes, passaging was continued five more
times and RT-PCR was performed (25). An isolate was confirmed by immuno-
histochemistry using rabbit polyclonal anti-APV antibody.

Serum specimens. Turkey sera were submitted to the Minnesota Veterinary
Diagnostic Laboratory for the detection of APV antibodies. A total of 184 turkey
sera from different farms that reported clinical signs of APV disease in 1999 were
used in this study. In addition, 34 sera from experimentally infected turkeys 28
days postinfection were analyzed for APV antibodies using M protein ELISA,
and 41 sera from sham-inoculated controls were also analyzed. Turkeys for the
experimental infections were obtained from the areas in Wisconsin that were free
from APV disease.

Routine APV ELISA. The routine APV ELISA was performed as described
previously (5). A series of experiments were conducted that compared ELISA

results based on APV/CO or two Minnesota isolates, APV/MN1A and APV/
MN2A, and determined that the virus strains gave similar results in ELISA (5).
Therefore, the routine ELISA was optimized using the APV/CO strain. Briefly,
Vero cells infected with the APV/CO strain were lysed in 0.01 M phosphate-
buffered saline plus 0.5% Nonidet P-40 and the lysate was clarified by centrifu-
gation at 3,000 3 g for 10 min. The clarified cell lysates were used as positive
antigen. Cell lysates from mock-infected Vero cells were used as negative control
antigens. Alternate rows of an ELISA plate (Immulon 1B; Dynatech, Chantilly,
Va.) were coated overnight at 4°C with a 1:320 dilution of the infected cell lysate
and noninfected Vero cells in 0.05 M carbonate buffer (pH 9.6). Test sera diluted
1:40 and anti-turkey IgG horseradish peroxidase conjugate (1:1500) diluted in
ELISA blocking solution (Kirkegaard & Perry Laboratories) were each incu-
bated for 1 h at room temperature in a 50-ml volume. The substrate chromogen
solution consisted of 0.05 M citrate-phosphate buffer (pH 5.0), 0.04% (wt/vol)
o-phenylenediamine, and freshly added 0.04% (vol/vol) H2O2. The results were
expressed as the difference between the absorbance at 490 nm (A490) of APV
antigen-coated wells and that of control lysate-coated wells of each serum sam-
ple. A sample with an A490 value of more than 0.2 was considered positive.

M protein ELISA. For M protein-based ELISA, the purified recombinant M
protein was used as a positive antigen whereas bovine serum albumin or recom-
binant Theiler’s murine encephalomyelitis virus 2C protein generated in the
same E. coli system as the APV M protein (3) was used as the negative control
antigen. The optimum concentration of M protein to coat the ELISA plate was
chosen in such a manner that maximum binding could be obtained as determined
in a checkerboard titration. The plates were coated overnight at 4°C with 125 ng
of M protein per well containing 100 ml of 0.05 M carbonate buffer (pH 9.6). All
other steps were identical to those for the routine APV ELISA.

RESULTS

Production of recombinant M protein. The cloned M genes
of APV/CO and APV/MN2A (from the ATG start sequence at
position 14 to position 860) were expressed in an E. coli system
yielding the APV M protein of 282 amino acids, which gave a
band of approximately 30 kDa by SDS-PAGE (Fig. 1). The
expressed M proteins were purified on a His6 tag-based nickel-
nitrilotriacetic acid column, gel purified further, and electro-
eluted. The purity of the proteins was confirmed by single
banding in SDS-PAGE (Fig. 1) and Western blot analysis using
anti-His tag and anti-APV antibodies (data not shown).

Antigenicity of M protein in APV infection. To determine if
M protein is a major antigen during natural APV infections,
turkey sera from APV-infected flocks were reacted with M
protein and purified APV and analyzed by Western blotting.
All positive sera at a 1:40 dilution consistently reacted with a
protein of approximately 30 kDa by immunoblotting (Fig. 2B,
lanes 1 to 8), whereas none of the negative sera had any
reactivity at a 1:40 dilution (lanes 9 and 10). Sera from turkeys
experimentally infected with APV/MN2A reacted with M pro-
teins from both APV/MN2A and APV/CO, indicating that the
two proteins had antigenic homology (data not shown). Using
purified APV, two proteins of approximately 30 kDa (M pro-
tein) and 45 kDa (nucleocapsid protein) were consistently de-
tected by Western blot analysis with sera positive for APV
antibodies (Fig. 2A).

FIG. 1. Isolation of the APV M gene and production of recombinant protein.
The M gene was isolated from pCR-XL-TOPO by PCR and subcloned into the
pQE-30 expression plasmid. A two-step process was used to purify M proteins,
a nickel-nitriolotriacetic acid column that binds the His6, tag located at the NH2
terminus of the protein and gel purification. (A) PCR product of APV/CO (lane
1) and APV/MN2A (lane 2) in an agarose gel. (B) Recombinant M protein from
APV/CO (lane 1) and APV/MN2A (lane 2) in an SDS-polyacrylamide gel
stained with Coomassie blue.
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ELISA performed on serially diluted field sera from APV-
infected flocks produced typical ELISA curves with an end
point (A490 below 0.2) between 1:320 and 1:1280 dilutions (Fig.
3). Since all positive and negative sera gave distinct results at
1:40 dilutions, we used this dilution to analyze serum samples
and compare M protein ELISA with routine APV ELISA.

Specificity of recombinant M protein ELISA. Sera negative
for APV were tested by M protein ELISA. The mean (6
standard deviation) A490 of all negative sera (n 5 41) by M
protein ELISA was 0.088 (6 0.039). Using the mean 6 3
standard deviations as the cutoff value (A490 5 0.2), all the

samples were negative by M protein ELISA and the relative
specificity of the M protein ELISA was 100%.

Comparison of recombinant M protein ELISA and routine
APV ELISA. We tested 184 serum samples from turkeys sus-
pected of having APV infection, using both routine APV
ELISA and M protein ELISA. A total of 133 samples (72.3%)
were positive by M protein ELISA, whereas only 99 (53.8%)
were positive by routine APV ELISA (Table 1). Twelve sam-
ples were negative by M protein ELISA but positive by routine
APV ELISA. To determine if these 12 samples had given
false-positive results by routine APV ELISA, Western blot
analysis was performed using either recombinant M protein or
purified APV protein, and none of the 12 samples reacted with
recombinant M protein or APV proteins in this analysis (Fig.
4). In contrast, all samples that were positive by M protein
ELISA were positive by Western blot analysis using M protein
or APV antigen. From the Western blotting results, we con-
cluded that the sensitivity of the routine APV ELISA was only
74% compared to the newly developed M protein ELISA.

The M protein ELISA gave consistently higher A490 readings
with the convalescent-phase sera (n 5 34) collected from ex-
perimentally infected turkeys 28 days postinfection (Fig. 5)
(P , 0.001, paired t test). Routine APV ELISA detected only
18 positive samples (52.9%), whereas M protein ELISA de-
tected 33 positive samples (97.1%). This indicates that the M
protein ELISA is more sensitive than the routine APV ELISA.

FIG. 2. Western blot analysis of APV-positive and -negative turkey sera with
APV proteins and recombinant M proteins. The partially purified APV proteins
and the recombinant M protein were separated by SDS-PAGE and transferred
to a polyvinylidene difluoride membrane. Each lane of the membrane was incu-
bated with a 1:40 dilution of turkey serum followed by horseradish peroxidase-
conjugated anti-turkey IgG (1:20,000 dilution) and detected by chemilumines-
cence. (A) Reactivity of the sera with APV proteins; (B) reactivity with
recombinant M protein. Lanes 1 to 8 show the reactivity with positive turkey sera,
and lanes 9 and 10 show the reactivity with negative sera.

FIG. 3. Presence of APV-specific IgG in sera of APV-infected turkeys detected by M protein ELISA. Twofold serial dilutions of known positive turkey sera (n 5
10) were tested in plates coated with recombinant M protein. Pooled sera from known APV-negative flocks were used as negative control. The results are expressed
as mean and standard error.

TABLE 1. Comparison of routine APV and M protein ELISAs for
detection of APV antibodies in turkey seraa

M protein ELISA result

No. of samples analyzed by routine
APV ELISA

APV positive APV negative Total

Positive 87 46 133
Negative 12 39 51
Total 99 85 184

a Field turkey sera suspected of APV infection.
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Sensitivity of virus isolation. To determine the sensitivity of
APV isolation as a diagnostic test, we collected 52 nasal tur-
binate samples over a 3-month period from turkey flocks show-
ing overt clinical signs of APV disease. These samples were
tested by RT-PCR for detection of APV, and virus isolation
was attempted by using chicken embryo fibroblasts and Vero
cells as described in Materials and Methods. Of 52 samples, 46
(88.4%) were positive by M gene-based RT-PCR performed as

described previously (25). However, only 6 (11.5%) of the 52
samples yielded virus (APV/MN6 to APV/MN11).

DISCUSSION
The antigenicity of the nucleocapsid (N), fusion (F), and

attachment (G) proteins in respiratory syncytial viruses of bo-
vines and humans has been demonstrated, and ELISA based
on these proteins have been developed (2, 22). However, M
protein has not been investigated for its antigenicity and ap-
plicability as a diagnostic antigen. Sequence data for APV
isolates in Europe and the United States have shown that the
M gene is highly conserved, with over 98% nucleotide se-
quence similarity among APV strains in the same subgroup
and 73% similarity between strains of the European A and B
subgroups (14, 21, 23, 24). In contrast, the G protein has a
similar (97 to 98%) level of identity among strains of the same
subgroup but only 38% similarity between strains of the A and
B subgroups (14). Among three U.S. isolates that have been
sequenced (APV/CO, APV/MN1B, and APV/MN2A), the M
gene has 98% sequence similarity, with only one nonsynony-
mous nucleotide change in one isolate (24). Therefore, our
objective was to determine the antigenicity of the M protein in
APV infections and develop an ELISA, based on this protein,
that was capable of detecting a wide variety of related APV
strains that may be involved in the current U.S. outbreaks. The
need for a more sensitive diagnostic test for APV infections
was emphasized by the facts that routine ELISA using the
APV-infected Vero cell lysate as antigen yielded inconsistent
results depending on the method of antigen preparation (5, 6,
8).

Our data clearly demonstrate that the M protein is antigenic
during an APV infection, because antibodies to M protein
were observed consistently among field sera from infected
birds. Based on these findings, M proteins from two U.S. iso-

FIG. 4. Western blot analysis of turkey sera that were negative by M protein
ELISA but positive by routine APV ELISA. Partially purified APV or recom-
binant M protein were separated by SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes. Each lane of the membrane was incubated with a
sample of turkey serum (1:40) followed by horseradish peroxidase-conjugated
anti-turkey IgG (1:20,000) before being subjected to chemiluminescence. (A)
Reactivity with purified APV proteins; (B) reactivity with recombinant M pro-
tein. All 12 samples negative by M protein ELISA were not reactive with M
protein or APV proteins, as shown for 10 representative samples (lanes 1 to 10).
A sample positive by M protein ELISA (lane 11) was used as a positive control
and reacted with the 30-kDa M protein in both antigen preparations.

FIG. 5. Comparison of the sensitivity of M protein ELISA with routine APV ELISA for detection of APV-specific IgGs from experimentally infected turkeys.
Turkeys (n 5 34) were experimentally inoculated with live APV (APV/MN1A), and serum was collected 4 weeks later. A 1:40 dilution of each sample was applied to
plates coated with recombinant M protein or APV-infected cell lysate and detected using horseradish peroxidase-conjugated goat anti-turkey IgGs. The A490 values
from M protein-coated plates were consistently higher than those from cell lysate-coated plates (P , 0.001).
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lates of APV were expressed in E. coli and purified to a high
degree by a combination of metal affinity column chromatog-
raphy and gel purification. The proteins were antigenically
similar to the natural APV M protein, as evidenced by the
presence of the same sized protein (30 kDa) in purified APV
proteins, specific reactivity with sera from infected birds, and
reactivity of the recombinant M protein with polyclonal anti-
APV antibodies. As expected, the recombinant M protein from
the APV/CO strain of APV was as effective in ELISA as was
the M protein from a Minnesota isolate, APV/MN2A, suggest-
ing that the test may be able to detect different strains of APV
in the United States. The M protein ELISA was highly sensi-
tive, because we detected 97.1% of experimentally infected
turkeys in contrast to only 54.5% when using the routine
ELISA. Compared to virus isolation, the M protein ELISA
appears six times more sensitive in samples from birds in the
field showing overt APV disease. The M protein ELISA was
specific, as evidenced by the fact that all samples positive by the
M protein ELISA were also positive by Western blot analysis
whereas all samples negative by M protein ELISA were also
negative by Western blot analysis. In contrast 12 samples pos-
itive by routine APV ELISA were negative by Western blot
analysis. The sensitivity and specificity of M protein ELISA for
APV are comparable to those of similar tests developed for
bovine respiratory syncitial virus using recombinant N or F
proteins of these viruses (18, 22) and for human respiratory
syncytial virus using recombinant N and G proteins (2). In
conclusion, we have demonstrated that antibodies to the APV
M protein are consistently present in sera from turkeys natu-
rally or experimentally infected with APV. The M protein
ELISA developed here is a sensitive, specific, and reliable test
for detecting serum antibodies to APV.
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