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Abstract

Newcastle disease (ND) is a highly contagious and economically important disease in the poultry
industry caused by avian avulavirus-1, historically known as Newcastle disease virus (NDV). Control
of ND primarily relies on prophylactic vaccination of flocks, and many vaccines are available on the
market, both conventional and more recently introduced new generation recombinant types. To assess the
protection level achieved by vaccination ELISA tests are typically used, they also are to track an infection
with field strains in non-vaccinated flocks. Special modifications of ELISA can be used as a screening
tool to detect infection in flocks vaccinated with new generation vaccines. In this study, we have devel-
oped an ELISA test for the detection of antibodies against the nucleoprotein (NP) of NDV and for differ-
entiation of chickens vaccinated with commercial and prototype in-house recombinant vector vaccines
from those infected with field NDV strains. The NP gene of LaSota NDV strain expressed in a baculovi-
rus vector was used as a coating antigen in the ELISA. The developed test was optimized, validated
and compared to other serological tests. The sensitivity, specificity and accuracy of recombinant NP
protein-based ELISA were respectively 96.1%, 96.3%, and 96.2%. Inter-rater (kappa) agreement
between the NP-ELISA and the gold standard HI test was calculated to be 0.995. In our comparisons,
commercially available ELISA tests revealed different specificities ranging from 95.5-100% and sensi-
tivities at variance, ranging from 90.1 to 99.0%. A high level of maternally derived antibodies was mea-
sured in the serum of 1-day-old broilers in the NP-ELISA assay. These antibodies had disappeared and
were undetected at 3, 5 and 6 weeks post-vaccination but birds became positive again at 2 weeks after
control infection with a velogenic NDV strain. In SPF chickens, antibodies against NP protein were
detected only after a challenge. The recombinant NP protein-based ELISA test is sensitive, specific
and accurate when compared to the gold standard HI test and commercially available kits. Moreover,
the method could be also used for the differentiation between vaccinated and infected birds.
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Introduction

Avian avulavirus-1, historically known as Newcastle
disease virus (NDV) is the causative factor for highly
contagious and economically important Newcastle
disease (ND) in poultry species. The virus, also abbre-
viated as AMPV-1 (avian paramyxovirus type 1)
belongs to the Orhoavulavirus genus in the family
Paramyxoviridae, order Mononegavirales (Amarasing-
he et al. 2017, Rima et al. 2018). The NDV genome
is a single-stranded negative-sense RNA of about
15.2 kb long. It encodes 6 essential proteins: nucleocap-
sid protein (NP), phosphoprotein (P), matrix protein
(M), fusion protein (F), hemagglutinin-neuraminidase
(HN) and large polymerase protein (L) (Krishnamurthy
and Samal 1998, de Leeuw and Peeters 1999). The HN
and F proteins are surface glycoproteins, mostly
involved in virus virulence and tissue tropism while
the NP protein is important viral structural protein and
together with P, and L proteins form the polymerase
complex protein. Recently, it has been shown that the
polymerase complex also modulates the virulence and
pathogenicity of NDV in chickens (Rout and Samal
2008). Depending on the severity of induced disease
in chickens, NDV are divided into several pathotypes:
asymptomatic, lentogenic (avirulent/mild respiratory
symptoms), mesogenic (moderately virulent), and velo-
genic (highly virulent), the last being either viscero- or
neurotropic.

Outbreaks of virulent NDV are reported every year
in different parts of the world. In the EU countries, the
last major epidemics occurred in the 1990s, with 239
outbreaks mainly in the Benelux countries and Germa-
ny, and in 2000 with 257 outbreaks in Italy (Alexander
2000, Capua et al. 2002). Of the recent outbreaks
of NDV, a few cases were identified in Romania and
Bulgaria in 2016 and 2017 and in Sweden in 2017 but
due to swift action by the administrations of those coun-
tries, the virus did not spread to a larger geographical
area  (https://www.oie.int/wahis_2/public/wahid.php/
/Diseaseinformation). In Poland, ND appeared in 1942,
causing an epidemic that lasted until 1974. Since 1975
Poland has been a country free from Newcastle disease
(Marek 1972, Minta 1998). However, at the beginning
of the 1990s NDV belonging to the lentogenic or meso-
genic pathotypes were identified in the country (Minta
1998).

Control of ND primarily relies on prophylactic vac-
cination of flocks and administrative measures (culling
and establishment of protection and surveillance zones).
In the EU, the available vaccines include live vaccines
based on lentogenic NDV strains, inactivated (killed)
vaccines used for booster immunization of laying birds
and recombinant vector vaccines, the last having been

used more often recently (Miller and Koch 2013). Sero-
logical tests are broadly used to assess the protection
level achieved by vaccination and to track the infection
with field strains in non-vaccinated flocks. Among sero-
logical tests used in the case of ND, virus neutralisation
and hemagglutination inhibition (HI) assays are consid-
ered the gold standard. However, they are time-con-
suming and labor intensive (Czifra et al. 1996, Williams
et al. 1997, Xu et al. 1997). On the other hand,
the enzyme linked immunosorbent assay (ELISA)
is fast and easy tool for the detection and quantitative
measurement of anti-NDV antibodies and is used
in routine diagnosis in many commercial services
(Miller and Koch 2013). Additionally, special modifica-
tions of ELISA can be used as a screening tool to detect
infection in flocks vaccinated with new generation
vaccines (Errington et al. 1995).

In this study, we have developed an ELISA test for
the detection of antibodies against NP protein of NDV
and differentiation of chickens vaccinated with recom-
binant vector vaccines from those infected with field
NDV strains. The recombinant vaccines used in our
investigations included both a commercial vaccine
[turkey herpesvirus (HVT) with a cloned F gene
of NDV, Vectormune ND, Ceva, Hungary, abbreviated
to HVT-F here] and our prototype in-house vaccine
(HVT with cloned F and HN genes of NDV, abbreviat-
ed as HVT-F-HN). The NP gene of LaSota NDV strain
expressed in a baculovirus vector was used as a coating
antigen in the ELISA. A panel of chicken sera pre-
viously determined as negative or positive by HI test as
well as sera from chickens vaccinated with recombinant
HVT-F and HVT-F-HN and subsequently infected with
pathogenic NDV were analysed using the ELISA test
developed in this study.

Materials and Methods

Virus and its NP gene preparation

NDV LaSota strain was inoculated in embryonated
SPF chicken eggs by the allantoic route. The allantoic
fluids were then collected from dead and surviving
eggs and checked for the presence of NDV by hemag-
glutination assay (HA) using 1% chicken red blood
cells (OIE 2017). Viral RNA was extracted from pooled
allantoic fluid using the RNeasy Mini Kit (Qiagen,
USA) according to the manufacturer’s recommended
procedure. The cDNA was prepared from the extracted
RNA using the Thermoscript RT kit (Invitrogen,
USA). Further, amplification of the NP gene with incor-
porated Sall and HindlIl restriction sites in NP
gene-specific forward and reverse primers (N-for:
5’-AAAAGTCGACATGTCTTCCGTATTTGATGA-3’,
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N-rev: 5-AAAAAAGCTTTCAATACCCCCAGTCGT-3")
was carried out. PCR amplification conditions were as
follows: 94°C for 5 min, followed by 30 cycles of 94°C
for 1 min, 60°C for 1 min, 72°C for 1 min, and a final
extension of 72°C for 10 min.

Cloning, expression and purification
of recombinant NP protein

The PCR product obtained as described above was
cloned into pJET plasmid (ThermoFisher Scientific,
USA) using CloneJet PCR cloning kit (ThermoFisher
Scientific, USA) resulting in pJET-NP-NDV. Its sequen-
ce was confirmed by sequencing and used for obtaining
recombinant baculovirus. The pFastBac1 shuttle vector
(ThermoFisher Scientific, USA) and NP gene contained
in the pJET-NP-NDV plasmid were digested simultane-
ously with Sall and HindlIl and connected with T4
DNA ligase under the promoter of the polyhedrin gene.
The resulting pFastBac1-NP-NDV plasmid was trans-
formed into Escherichia coli DH10Bac competent cells
for transposition into a bacmid. The appropriate bacte-
rial colonies grown on LB agar with 100 pg/ml kana-
mycin, 7 pg/ml gentamycin, and 150 pg/ml X-gal (Carl
Roth, Germany) were selected and obtained bacmid
was purified with the PureLink HiPure Plasmid
Midiprep kit (ThermoFisher Scientific, USA). Purified
recombinant bacmid was used for Spodoptera
frugiperda S9 (ATCC) insect cell transfection using
Lipofectin (ThermoFisher Scientific, USA). The Bac-
-NDV-NP recombinant baculovirus was propagated
in monolayers of insect cells grown at 27°C to get
a higher amount of virus and concomitant abundantly
expressed NP protein used subsequent for the design
of the NP-based ELISA test. The identity, quantity and
purity of the recombinant NP protein were analyzed
using SDS-PAGE electrophoresis and Western blot.
The resulting NP protein was mostly produced
in the membranes of insect cells and was insoluble,
and the approach of its preparation for the newly deve-
loped ELISA test is described below.

Chicken serum samples

A total of 396 chicken serum samples were collec-
ted from flocks from different regions of Poland. They
originated not only from broiler chickens but also from
commercial layers and broiler—breeder flocks sampled
at different ages. Some of these chickens were immu-
nized against ND. Blood samples were centrifuged
at 1200 x g for 5 min for separation of the sera which
were then stored below —20°C until use. All of them
were first checked in an HI test and then in the recombi-
nant NP protein based ELISA. As some of them were

in small volumes, 147 sera were used to compare the
results obtained in other commercial tests.

Vaccination experiment

One-day-old Specific Pathogen Free (SPF) White
Leghorn (VALO BioMedia, Germany) and commercial
Ross 308 chickens were separated into three groups
of ten birds each. One group of each chicken type was
vaccinated on the first day of life with an in-house
recombinant turkey herpesvirus expressing the F and
HN proteins of NDV (HVT-F-HN) (manuscript
in preparation). The second group of chickens was im-
munized with the commercial Vectormune ND (HVT-F)
vaccine with the dose recommended by the manufactur-
er. The remaining group was PBS-inoculated.
At 6 weeks of age, all birds were infected via intra-
ocular and intranasal routes with 10°EID, of APMV-1/
/chicken/Poland/Radom/70 (velogenic NDV strain,
class II, genotype 1V). Blood samples were collected
at day 1 (before vaccination) and at 3, 4, 6 and 8 weeks
post vaccination (wpv). Serum samples were tested
using HI, three commercially available ELISA kits and
the in-house NP-ELISA test.

Hemagglutination inhibition and commercial
ELISA tests

An HI test was carried out according to the proce-
dure in the OIE Manual of Diagnostic Tests and Vac-
cines for Terrestrial Animals (OIE 2017). The HA titer
of the NDV LaSota antigen was adjusted by dilution
to contain four units of HA activity. The collected
serum samples were also screened with the commer-
cially available ELISA tests: Newcastle Disease Virus
Antibody Tests (IDEXX Laboratories, USA), ProFlock
NDV Antibody Tests (Synbiotics, USA) and ID Screen
ND Competition (IDvet, France) according to the manu-
facturer’s procedures.

NP-ELISA procedure

The resulting NP protein was insoluble, so whole
Bac-NDV-NP infected insect Sf9 cells were washed
with PBS and cell pellets were frozen at —80°C. Before
being coated onto the plate, cell pellets were resuspend-
ed in PBS and NP antigen was released into a more
homogenous form by triple ultrasonification at 8 microns
of amplitude for 45 s (MSE, Poland). Flat-bottom poly-
styrene microtiter ELISA plates (Nalge Nunc Interna-
tional, Denmark) were coated with different amounts
of cell lysates containing recombinant NP antigen using
carbonate bicarbonate buffer (pH 9.6) and incubated
at 4°C overnight. The plates were washed three times
with phosphate buffer saline (PBS) containing Tween
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Fig. 1. Expression analysis of recombinant nucleocapsid protein (NP) of Newcastle disease virus (NDV).

A. The SDS-PAGE (stained with Coomassie Brilliant Blue dye) analysis of NP protein of NDV expressed in Sf9 insect cell line. Lane 1:
membranes of uninfected insect cells; Lane 2: cytosol harvested from culture of insect cells; Line 3: membranes of insect cells harvested
2 days post infection (dpi); Lane 4: membranes of insect cells harvested 4 dpi; Lane M: protein molecular marker.

B. Western blot analysis of NP protein of NDV LaSota strain expressed in insect cells using chicken anti-NDV polyclonal serum. Lane
1: membranes of uninfected insect cells; Lane 2: membranes of insect cells harvested 2 days post infection (1:100 dilution); Lane 3:
membranes of insect cells harvested 2 days post infection (undiluted); Lane M: protein molecular marker.

20 (PBST, 0.05%) and then blocked with 10% fetal calf
serum (ThermoFisher Scientific, USA) for another 1 h
at 37°C and again washed three times with PBST.
Chicken sera samples were diluted serially and incubat-
ed for 1 h at 37°C. After subsequent washing with PBST
in three iterations, the plates were filled with 100 pl
of rabbit anti-chicken IgG horseradish peroxidase con-
jugate (Sigma, USA) diluted 1:5000 and stored for 1 h.
This concentration of anti-chicken antibodies was
selected after prior checkerboard titration. Tetramethyl-
benzidine substrate for horseradish peroxides was
applied to each well of the plate in 100 pl volume and
the color reaction was stopped after 30 min of incuba-
tion by adding 100 pul of 0.5M H,SO,. The plates were
then read at 405 nm in an ELISA Sunrise microplate
reader (Tecan, Switzerland). The optimal coating anti-
gen concentration, serum and IgG horseradish peroxi-
dase conjugate were determined by serial dilutions.

Determination of ELISA antibody titers

ELISA antibody titers determination was based
on the method described by Snyder et al. (Snyder et al.
1983). Briefly, negative in HI test serum samples were
tested in a few serial dilutions and obtained OD values
used for the construction of a positive-negative thresh-
old (PNT) baseline (the mean and 3 standard deviation).
Obtained PNT baseline was then used for calculation
of the observed antibody titers. The absorbance
of tested serum was corrected by subtracting the aver-
age absorbance of internal negative control serum dilu-

tions from the same trial. The positive sera samples
were titrated serially and similarly corrected.
The presence or absence of specific antibodies in tested
serum was determined using the formula:

SPratio=(OD oD )/ (OD

of negative

oD

of sample of positive ofnegative)

The coefficient of correlation (r) between log 10
end titre and S/P ratio (at serum dilutions
of 1:100 — 1:16,000) indicating maximum value
of the regression equation [y=a+bx, where y is the log
10 (S/P ratio) of the tested serum at selected dilution,
a is the intercept of regression quotation, and b
is the slope of line] for prediction log 10 end titre
by single dilution ELISA. Predicted titre was deter-
mined from standard curve by solving the regression

line equation (Snyder et al. 1983).

Evaluation of test performance

Assessment against the gold standard (HI test) was
made and a receiver-operating characteristic (ROC)
curve was plotted to evaluate the diagnostic power
of the newly developed ELISA test. The area under
the curve (AUC), Youden’s index cut-point value, sen-
sitivity and specificity and test efficiency were mea-
sured using Epi Tools software available online (Diag-
nostic test evaluation and comparison, http://epitools.
ausvet.com.au). The Epi Tools package was also used
to compare the performance of the recombinant
NP-protein ELISA and commercially available tests
evaluated in the same population.
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Fig. 2. Positive-negative threshold (PNT) baseline (N) with different field samples. S (1-6) represent different positive chicken samples

at different dilutions.

Ethical statements

Serum sampling for ELISA optimization/validation
was under the supervision of veterinarians, who took
the samples used among different samples taken as part
of their routine work (i.e. in screening flocks for evalua-
tion of applied wvaccine efficacy or presence
of any infections) and did not require the approval
of the Ethics Committee. All other experiments on
chickens were approved by the Local Animal Ethics
Committee in Lublin (permission numbers 51/2012
and 13/2015).

Results

Expression of the recombinant NP protein
and its characterization

The gene amplified from NDV cDNA NP was suc-
cessfully recloned from pJET plasmid to transfer into
pFastBacl shuttle vector. Subsequently, recombinant
bacmids bearing the NDV gene under the baculovirus
polyhedrin promoter were obtained by transposition
of E. coli DH10 cells. The resulting baculovirus was
used for transfection of Sf9 line insect cells. The recom-
binant NP protein was around 53-55 kDa in size and
its highest amount was detected in membrane fractions
of insect Sf9 cells on the 2™ day of infection and
decreased in intensity over time. A much lower quantity
of it was detected in the cytosol of Sf9 cells (Fig. 1A).
Expression of NP NDV in insect cells was confirmed

by Western blot (Fig. 1B).

ELISA optimization

The optimal concentration of coating antigen —
recombinant NP protein was determined through
checkerboard ELISA titration and the best was found
to be diluted 1:200 (about 59 ng/well).

Serial dilutions of positive sera samples were tested
and measured OD values were plotted on Y-axis against
different sera dilutions given in logarithmic value
in X-axis. The point where the sample line cuts the PNT
line was taken as the titer of the sample (Fig. 2).

A single serum dilution (1:500) using 6 randomly
selected samples and observed titers determined
by serial dilution was checked in the recombinant —
NP-based ELISA (Fig. 3). Regression analysis gave
a regression line with the slope and intercept of 0.5402
and 3.3882 respectively. The correlation coefficient
was calculated to be 0.962. The predicted titers were
determined using the equation

log10(S/P) = 0.5402xlog10titre+3.3882.

Diagnostic sensitivity, specificity and accuracy
of the recombinant — N-protein-based ELISA

Comparisons of the results from 396 serum samples
obtained from the newly developed recombinant
NP-ELISA and the HI test as the gold standard are
given in Table 1. The sensitivity, specificity and accuracy
of recombinant — NP-protein-based ELISA were calcu-
lated as 96.1, 96.3% and 96.2% respectively. Examina-
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Fig. 3. Relationship between the observed antibody titers of the serum samples obtained from serial dilution ELISA and their correspond-
ing predicted antibody titers obtained from single dilution ELISA at a 1:500 dilution.

Table 1. Results obtained with recombinant nucleocapsid protein (NP) - based ELISA assay developed in this study and hemagglutination
inhibition (HI) test of field serum samples from chicken flocks in Poland.

Recombinant HI
NP-ELISA Positive Negative Total
Positive 276 4 280
Negative 11 105 116
Total 287 109 396

Sensitivity = 276/287 x 100 = 96.1%
Specificity = 105/109 x 100 = 96.3%
Accuracy =381/396 x 100 = 96.2%

tion of serum samples collected from different vaccinat-
ed and unvaccinated field flocks showed an agreement
of 99.5% with the recombinant — NP-ELISA and
HI assays (kappa value = 0.995).

ROC analysis for recombinant — NP-based ELISA
calculated an AUC value of 0.983. The 95% confidence
interval of the AUC ranged from 96.4 to 100%. The as-
say was validated further using the commercial ELISA
kits previously referenced. Table 2 presents parameters
evaluated in ROC analysis of three selected commercial
ELISA kits. All assays were tested on the same pool
of 147 serum samples (102 positive and 45 negative
in the HI test).

Detection of NP antibody level following NDV
infection and vaccination

To assess the recombinant — NP-protein-based
ELISA and its possibility to discriminate between birds
vaccinated with recombinant vaccines expressing
the F or F-HN proteins and birds infected with NDV,
we followed the humoral immune response in SPF and
broiler chickens immunized with the recombinant com-

mercial and in-house HVT-NDV vaccines on the first
day of life and then infected with a Polish velogenic
strain of NDV at 6 weeks of age. The results obtained
were compared with those of the HI test (Table 3).
The antibodies against NP protein were not detected in
sera of immunized SPF chickens but they appeared
after 2 weeks post challenge and the mean titer was
1305 £ 635 and 4531 £+ 1093 (mean + SD) in birds vac-
cinated with the Vectormune and in-house vaccines, re-
spectively. HI antibodies were present in SPF chickens
vaccinated with recombinant HVT-F-HN vaccine with
the geometric mean log2 titer between 3.9 and 5.5 at
3—-6 weeks after vaccination and they increased to geo-
metric mean log2 titer of 5.9 after 2 weeks post infec-
tion with velogenic field NDV strain. The mean geo-
metric level of HI antibodies in sera of Vectromune
immunized SPF chickens was 5.1 at 6 weeks after vac-
cination and similarly it increased to 6.3 after 2 weeks
post challenge. A slightly different model of antibody
dynamics was observed in broilers. In serum of 1 day-
old chickens a high level of maternally derived anti-
bodies were observed using both HI and NP-ELISA
tests. In subsequent terms, titers of NP antibodies de-
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Table 2. Receiver-operating characteristic (ROC) analysis of the commercial and recombinant nucleocapsid protein (NP) - based ELISA tests.

Parameter Recombinant Commercial Commercial Commercial
NP-ELISA ELISA 1 ELISA 2 ELISA 3
AUC? 0.983 0.983 0.989 0.990
AUC at 95% confidence interval 0.964-1.0 0.969-0.998 0.976-1.0 0.978-1.0
Sensitivity (%) 94.2 90.2 98.0 95.1
Specificity (%) 97.8 97.8 95.6 100
Youden’s Index cut-point 0.23 0.183 1.977 0.532

2 AUC: area under concentration-time curve

Table 3. Detection of antibodies to hemagglutinin-neuraminidase (HN) and nucleocapsid protein (NP) in sera specific pathogen free
(SPF) and broiler chickens vaccinated on the 1* day of life with commercial (Vectormune ND®, Ceva) or in-house recombinant turkey
herpesvirus with a cloned F and HN genes of Newcastle disease virus (HVT-F-HN) vaccines and challenged 6 weeks after vaccination.

HVT-F-HN vaccinated Vectormune ND® vaccinated
Weeks post - - - - - .
vace SPF chickens Broiler chickens SPF chickens Broiler chickens
. HI test® NP-ELISA® HI test NP-ELISA HI test NP-ELISA HI test NP-ELISA

6-8 3456 6-8 3456
0 wa wa 20/20 20/20 wa wa 10/10 10/10
3 2-6 - 2-4 - - - 3-4 777
18/20 0/20 4/20 0/20 0/10 0/10 7/10 5/10

5 3-7 - 2-3 - 2-4 - 3-5 -
19/20 0/20 0/20 0/20 1/10 0/10 9/10 0/10

6 3-7 - 2-6 - 4-6 - 4-6 -
19/20 0/20 5/20 0/20 10/10 0/10 10/10 0/10
p 7-10 4531 7-9 1735 6-7 1305 a 1984
10/10 10/10 10/10 6/10 10/10 10/10 9/10

* Hemagglutination inhibition (HI) titers of 4 or greater were considered as positive, data shown: log2 range, pos/total
b recombinant ELISA titers calculated as described in the text, data shown: HI titer range, number positive/total
¢challenge with a velogenic Polish field Newcastle disease virus (NDV) strain

creased to an undetectable level as measured in the The alternative is in vitro production of viral proteins
NP-ELISA test in sera of broilers immunized with both which besides offering even better specificity and sensi-
recombinant HVT-NDV vaccines. In sera of broilers tivity could also grant the possibility to differentiate in-
challenged with a velogenic Polish field NDV strain, fected specimens from those immunized with recombi-
antibodies against the NP protein increased in almost nant vector NDV vaccines (Makkay et al. 1999).
all animals (in the Vectormune-immunized group) The NP, HN and P proteins of NDV were used as re-
or in single animals (vaccinated with the in-house combinant coating antigens (Errington et al. 1995,
recombinant HVT-F-HN). HI antibodies gradually Makkay et al. 1999, Mohan et al. 2006, Phan et al. 2013,
decreased but from 5/6 week post immunization Das and Kumar 2015). The HN protein is highly con-
an increase in their titers was observed. formational-dependent and thus problematic with

proper expression in a prokaryotic system, which could
influence ELISA sensitivity (Mohan et al. 2006).
The P protein appears to be the most divergent protein
among all the remaining six proteins present in the virus
therefore the ELISA with it as coating antigen may have
lower specificity (Das and Kumar 2015). Taking these
disadvantages into account, the NP protein as the most
abundant and conservative viral protein is probably
the best choice for use as the ELISA antigen.

In the present study we constructed a recombinant
baculovirus expressing NP gene. In this system, the NP
protein was overproduced and it was used as a coating
antigen in a diagnostic ELISA. The obtained protein

Discussion

Different agents are used for coating ELISA plates,
the most broadly applied is the whole virus antigen but
different recombinant viral proteins are also adopted
(Jestin et al. 1989, Errington et al. 1995, Czifra et al.
1996, Makkay et al. 1999, Phan et al. 2013, Das and
Kumar 2015). In general, the use of the whole virus
as an antigen for the binding of anti-NDV antibodies
gives good results but requires a large amount
of live virus to be produced, inactivated and purified.
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was of a size predicted by sequence analysis of the NP
gene and also by Western blot analysis. The most abun-
dant production of the recombinant NP protein was
in membranes of Sf9 cells on day 2 of incubation and
such results were consistent with Makkay et al. (1999)
who reported the best yield of this protein between
36 and 48 hours post infection. Because recombinant
NP protein is highly insoluble it was “released” from
the membranes into suspension by ultrasonication.

The NP protein is the most abundant and also
a highly immunogenic structural viral protein
(Dortmans et al. 2011). It is involved in formation
of a helical structure which includes the polymerase
complex. The essential subunit of this structure
is a single NP polypeptide of varying length depending
on the strain, and the NP of LaSota strain is built
of 489 amino acids resulting in molecular weight
of 53.06 kDa. This protein is present in a large quanti-
ties in the virus, as it was suggested that about
2200-2600 NP subunits surround viral RNA and pro-
tect it against nuclease activity (Choppin 1992).
The amino-terminus of NP protein interacts with the P
protein forming a complex while the carboxy terminus
plays an important role in a complex polymerization
(Dortmans et al. 2010, Dortmans et al. 2011). It was
shown that NP protein is also involved in virus viru-
lence through its contribution to this complex although
its role is much lesser known than those of the remain-
ing two proteins (i.e. P and L proteins) in the virus rep-
lication machinery (Dortmans et al. 2010).

In recent years, different NDV proteins have been
used as coating antigens in ELISA assays including NP,
P and HN proteins (Errington et al. 1995, Mohan et al.
2006, Phan et al. 2013, Das and Kumar 2015). Among
NP proteins used for ELISA assays were those origina-
ting from Ulster 2C, Hitcher B1 and LaSota NDV
strains and all were expressed in baculovirus expression
vectors (Errington et al. 1995, Makkay et al. 1999, Phan
et al. 2013). They were then used in indirect (Ulster 2C,
Hitcher B1) or competitive (LaSota) ELISA tests.
Results obtained in both indirect ELISA tests had very
good correlation with other assays. The Ulster 2C-based
ELISA gave perfect agreement with HI results but some
discrepancies in comparison with commercial ELISA
tests were observed. The reason for some false-positive
results in the commercial assay would be cross-reac-
tivity of whole NDV antigen coated on commercial
plates with antibodies against other paramyxoviruses
such as PMV-2 or PMV-3 present in tested sera
(Errington et al. 1995). The Hitchner B1-based ELISA
was only compared with commercial ELISA and its
specificity was 94.8% (Makkay et al. 1999).

In our study the NP gene of LaSota strain was used
for the construction of recombinant baculovirus

and then used in the indirect ELISA assay. The high
homology of 95.6-98.9% of the amino acid sequence
between the NP proteins of LaSota, Ulster 2C and
Hitchner B1 NDYV strains suggests similar specificity
of all ELISA assays developed with their recombinant
forms obtained in a baculovirus expression system.
The ELISA developed in this study had a sensitivity and
specificity of respectively 94.2-96.1% and 96.3-97.8%
relative to the HI results. These values indicate a very
good correlation between the tested assays. The reason
for the slight discrepancies between our ELISA and HI
tests results may be due to the cross-reaction with anti-
bodies against other paramyxoviruses, such as PMV-2
or PMV-3 present in tested sera. Such tests, which
would confirm this suspicion, have not been carried out
in the present study. On the other hand, commercially
available ELISA tests revealed different specificities
ranging from 95.5-100% and also various sensitivities
from 90.1 to 99.0%. Such differences could result from
the lower sensitivity of the HI test which did not detect
antibodies against NDV detectable by ELISA tests.
It could be related with the presence of a much higher
titre of anti-NP than anti-HN antibodies in sera
of NDV-infected birds (as the result of the high
expression of NP protein during infection). Another
reason may be that the cut-off values in these ELISA
assays were set too low and samples readings very close
to the cut-off sets were interpreted as false positives.
Because the specificity and sensitivity of the newly
developed ELISA test is within the values obtained
by other such tests as well as the HI assay regarded
as the gold standard, we believe it is a reliable test for
detecting the presence of NDV-specific antibodies.
Moreover, applying a developed regression equation
and OD values from serum testing, a linear relationship
was found between the predicted and observed anti-
body titers.

As conventional live and inactivated vaccines for
ND control have some shortcomings, efforts have been
made to develop new generation vaccines in which
HVT acts as a vector expressing the F gene of NDV
(Morgan et al. 1992, Esaki et al. 2013). Such vaccines
are safe, can be administered even in the presence
of maternally-derived antibodies and induce lifelong
immunity. This type of vaccine is commercially avail-
able in several countries including Poland. Recently,
our team has developed a prototype vaccine in which
the two NDV genes F and HN are incorporated into the
HVT genome. The serum samples from SPF and broiler
chickens vaccinated with commercial and in-house
recombinant HVT vaccines and challenged with velo-
genic NDV strain were examined using HI and
NP-based ELISA tests. The birds exposed to the whole
virus produce antibodies against all viral proteins,
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including NP protein, and these could be detected
by the developed ELISA which, in turn, will not identify
any antibodies in sera of chickens immunized with
recombinant vaccines (F and HN) and detectable by HI
test. Similarly, antibodies derived from hens, induced
by contact with the whole virus (or a conventional vac-
cine) should be detected by both tests during the first
weeks of life of their progeny. In fact, a high level
of maternally derived antibodies was observed in sera
of 1-day-old broilers both in HI and NP-ELISA assays.
These antibodies had disappeared and were undetected
in sera of broilers in weeks 3, 5 and 6 post vaccination
but the birds became positive again in week 2 after
challenge as observed in NP-ELISA results. In contrast
to the NP-ELISA results, the same sera were positive
in the HI test. In turn, in sera of SPF chickens, anti-
bodies against the NP protein of NDV were identified
only after a challenge with a highly virulent NDV strain.
The same sera were positive in the HI test starting from
3 weeks after vaccination with both vaccines. Makkay
et al. (1999) also described the possibility of differen-
tiating between vaccinated and infected birds.
The authors used a recNP-ELISA test and did not iden-
tify antibodies in chickens vaccinated with recombinant
fowlpox viruses expressing only the HN protein
of NDV but detected high level of antibodies to NDV
in infected chickens.

In conclusion, the recombinant NP protein-based
ELISA test developed in this study was demonstrated
to be sensitive, specific and accurate test for the assess-
ment of ND serostatus. Moreover, the developed
ELISA could be also utilized for differentiation
between vaccinated with recombinant vaccines against
NDV and ND V-infected birds.
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