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Review Article

Introduction

Newcastle disease (ND) is a viral disease of poultry caused 
by a single-strand, nonsegmented, negative-sense RNA virus 
known as Avian paramyxovirus 1 (APMV-1). The disease is 
present worldwide and affects many species of birds causing 
severe losses in the poultry sector. In developing countries, 
where the majority of chickens are reared under “backyard” 
subsistence conditions, ND can drastically limit the amount 
of dietary protein as well as damage the microeconomy due 
to loss of ability to sell off extra chickens or eggs. Where 
chickens are raised commercially, either in developing or 
developed countries, outbreaks have occurred in many loca-
tions, causing massive economic damage through control 
efforts and trade losses. For instance, during the last major 
outbreak in the United States, in California in 2002–2003, 
more than 2,500 premises were depopulated (4 million 
birds) at a cost of US$162 million.

According to the World Organization for Animal Health 
(OIE),125 ND is an OIE notifiable disease when it meets cer-
tain criteria of virulence. These high consequence strains can 
cause enormous economic impact, and so prompt recognition 
and confirmation is of paramount importance. However, the 
lack of characteristic clinical signs in many bird species, the 
variations in virulence for APMV-1 isolates and their genetic 
variability pose a serious challenge for the rapid identifica-
tion and diagnosis of this infection. The current review aims 
to present relevant information concerning recognition and 

diagnosis of Newcastle disease virus (NDV), including field 
presentation of the disease and traditional bench diagnostics, 
as well as some of the newer methods used in the laboratory.

The virus

All avian paramyxoviruses (APMV) are part of the 
genus Avulavirus, subfamily Paramyxovirinae, family 
Paramyxoviridae, order Mononegavirales.71 There are 
9 serotypes of APMV, but all isolates of Newcastle disease 
virus (NDV) belong to serotype 1 (APMV-1), therefore NDV 
is synonymous with APMV-1. The APMV-1 viral genome of 
approximately 15 kb is composed of 6 genes encoding 
6 structural proteins (fusion [F], nucleoprotein [NP], matrix 
[M], phosphoprotein [P], RNA polymerase [L], and hemag-
glutinin-neuraminidase [HN]). Two additional proteins are 
encoded by RNA editing of the P protein, namely proteins V 
and W. The cleavability of protein F is the main determinant 
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for viral virulence, but other proteins such as HN and V are 
also believed to influence pathogenicity.32,50,82

Although all NDV isolates belong to a single serotype 
(APMV-1), there is great genetic variability among different 
strains. Based upon phylogenetic reconstruction, NDV can 
be divided into 2 classes (I and II), each of those respectively 
subdivided into 9 and 10 genotypes (Fig. 1).83 In the last few 
years, there has been an increase of newly discovered geno-
types, and some of the genotypes have been associated with 
increased virulence or expanded host range.74,121,127 In addi-
tion, this genetic variability has raised concerns as to whether 
the commonly used commercial vaccines can provide pro-
tection against the very distant genotypes, not just in pre-
venting clinical signs, but also in limiting shedding of the 
challenge viruses.83,84

Classification of viral pathogenicity

Newcastle disease affects a wide range of domestic and wild 
avian species; however, the severity of the disease varies 
greatly, spanning from peracute disease with almost 100% 
mortality to subclinical disease with no lesions. Such vari-
ability makes it impossible to pinpoint ND as a single clini-
copathologic entity. Based on severity of clinical disease, the 
strains of NDV were originally classified into 4 pathotypes, 
known as Doyle, Beach, Beaudette, and Hitchner forms.7At 
present, pathotypes are more commonly classified based on 
pathogenicity from least most pathogenic: “asymptomatic 
enteric,” “lentogen” (formerly Hitchner), “mesogen” (for-
merly Beaudette), and “velogen.” The velogens have been 
further divided into “viscerotropic” (formerly Doyle; velo-
genic viscerotropic NDV [VVNDV]) or “neurotropic” (for-
merly Beach; velogenic neurotropic NDV [VNNDV]) 
according to their ability to cause primarily visceral or ner-
vous signs.9 Additionally, some laboratory testing in embryos 
or chickens using standard pathogenicity parameters can be 
done, including MDT (mean death time), IVPI (intravenous 
pathogenicity index), and ICPI (intracerebral pathogenicity 
index). All involve the use of numeric criteria. The MDT is 
the time to death, measured in hours, after inoculation of 
embryonated eggs (if the embryos die in less than 60 hr, it is 
classified as a velogen; if the embryos survive for more than 
90 hr, it is classified as a lentogen; anything in between is a 
mesogen).9,125 The IVPI test involves scoring illness (0 = 
normal; 1 = sick; 2 = paralyzed or nervous signs; 3 = death) 
after intravenous inoculation of 6-week-old chickens. The 
IVPI scores are computed similarly to ICPI (see below) and 
range from 0 to 3. According to some authors,7velogenic 
NDV have IVPI scores between 2 and 3, mesogenic between 
0.0 and 0.5, while lentogens have 0; however, to the author’s 
knowledge, there are no IVPI cut-off values to define notifi-
ability to the international community. The IVPI test is not in 
widespread use today. At present, according to international 
standards,125 the definitive in vivo assessment of virus viru-
lence is based on the ICPI test, which is regarded as the most 

sensitive and widely used test for measuring virulence. The 
ICPI test is based on scoring sick or dead birds (0 = normal; 
1 = sick; 2 = dead) every day for 8 days after inoculation of 
virus intracerebrally into ten 1-day-old chicks.113,125 The 
score of the ICPI test is calculated using the mean score per 
bird, per observation, over the 8-day period. Scores range 
from 0 to 2, and any strain with an ICPI ≥0.7 is considered 
virulent or “notifiable” to the OIE.125 The correspondence 
between these standard tests and pathotypes are reported in 
Tables 1 and 2.7 Additionally, the OIE recognizes spe-
cific sequences of the F protein as a qualifier for virulence: 
“notifiable” are those strains that have, with respect to the 
amino acid sequence of the F protein, one pair of basic amino 
acids at residues 116 and 115 plus a phenylalanine at residue 
117 and a basic amino acid (R) at residue 113.125

Some drawbacks to these tests exist in the interpretation 
of pathotype results. For example, a previous study96 reported 
10 NDV isolates from pigeons to have ICPI values between 
1.2 and 1.45 and a range of IVPI values from 0 to 1.3, sug-
gesting the viruses were virulent; however, the lowest MDT 
recorded was 98 hr, a characteristic of lentogenic viruses. In 
fact, not all virulent strains have an MDT <60 hr (Table 2). 
The in vivo tests on strains isolated from species other than 
chickens can present some problems and may not produce 
accurate readings until passaged in chickens or embryonated 
chicken eggs.11 The authors’ personal experiences show that 
a more accurate indication of the real pathogenicity of ND 
viruses for a susceptible species could come from experi-
mental infection of a statistically significant number (≥10) of 
young and adult birds with a viral standard dose (e.g., 105 
50% egg infectious doses [EID

50
]) administrated via natural 

routes (e.g., oronasal route or eye-drop).

Bird studies

Although the standard pathogenicity indices can often offer 
a good idea of the virulence, they do not always correlate 
exactly with what is observed in animal experiments, espe-
cially when the virus is administered to adult birds via a 
possible natural route of inoculation.109,119 In other words, 
the MDT and ICPI do not always correlate with the clinico-
pathologic syndrome, and the “disease-inducing ability” of 
each strain. Furthermore, it should be noted that the status of 
“notifiability,” as indicated by the OIE (ICPI ≥0.7 and/or 
virulent F protein cleavage sequence) covers a broad span 
of pathogenic potential, encompassing viruses that are capa-
ble of causing very severe lesions or none.125 Therefore, 
animal experiments done in conditions similar to those in 
the field (e.g., 4-week-old chickens inoculated via eye-
drop instillation) are useful, as they help to completely 
characterize newly isolated strains. Such information can 
augment researchers’ understanding of the strains and can 
improve diagnostic ability by describing more accurately the 
clinical and pathologic presentations associated with a par-
ticular isolate.
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Figure 1. Phylogenetic tree for Avian paramyxovirus-1, demonstrating 2 distinct classes (I and II) with each having several genotypes. 
The nomenclatures of the 2 main genotyping systems are indicated in red (references 44, 83) and in blue (reference 5). Genotype X strains 
are not included due to the different location of the fusion (F) gene segment sequenced and deposited in the public database (GenBank 
accession nos. AY372135-37, AY372163).
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Table 1. Pathotype designation of Newcastle disease virus 
strains based on standard pathogenicity tests.*

Pathotype MDT ICPI

Velogenic <60 >1.5
Mesogenic 60–90 0.7–1.5
Lentogenic >90 <0.7

*MDT = mean death time, measured in hours to death; ICPI = 
intracerebral pathogenicity index, based on an average score of clinical 
signs over time (min. 0.0–max 2.0).

In the next sections, the clinical signs and pathologic find-
ings will be presented based upon species infected. Data and 
findings are drawn from numerous sources, but mainly from 
original research papers, case reports, and textbook chapters. 
In addition, much is based on observations in one of the 
authors’ laboratories (South East Poultry Research Laboratory 
[SEPRL], University of Georgia, Athens, Georgia), where a 
large number of strains have been studied in an identical and 
systematic way. In this system, a standard target dose (105 
EID

50
) is given via a natural route (eye-drop inoculation) to 

uniform age (4-week-old) and source (SEPRL source flock) 
birds, with consistent observation, collection, and examina-
tion methods.

Clinical signs and pathologic findings with 
NDV infection

Chickens. The vast majority of references on NDV in poul-
try are related to chickens, as this species is the most seriously 
impacted by NDV.9 There are such widely varying disease 
forms that clinical findings for this species are further divided 
according to pathotypes. However, the severity of clinical signs 
does not vary only accordingly to the inherent virulence of the 
virus, but also according to some host-related factors. These 
factors are mainly age, route of infection, immune status, and 
concomitant environmental stress. For example, younger ani-
mals tend to have more severe and acute disease than older ani-
mals, intravenous inoculation is more likely to elicit neurologic 
signs, and aerosolization of high viral doses tends to impact the 
upper respiratory tract preferentially.1,6,9,12,68

Velogenic viscerotropic Newcastle disease. 
With VVND, mortality can easily reach 100%, and in 
experimental conditions, the course of disease is rapid, 
usually 2–4 days. Clinical signs are first recognizable 
starting at 2 days postinfection (dpi).23,64,66,109,117 The main 
signs are conjunctival swelling and reddening centered over 
the lymphoid patch located in the lower eyelid (Fig. 2A), 
anorexia, ruffled plumage, prostration, weakness, tremors, 
and diarrhea; labored breathing is variably repor
ted.9,23,64,66,109,117 In numerous animal experiments conducted 
with the same technique used in the current authors’ labora-
tory (infection via eye-drop instillation in 4-week-old chick-
ens), respiratory signs were observed very rarely and were 

limited to open-mouth breathing in a few animals.109 In the 
absence of respiratory lesions (as reported in the same stud-
ies), the open-mouth breathing was interpreted as polypnea 
and a consequence of a generalized febrile state.

The presence of multifocal hemorrhages seen through the 
serosal surface of the intestines, multifocal areas of necrosis 
and/or ulceration of the gut-associated lymphoid tissue, and 
disseminated foci of necrosis in the spleen are highly sugges-
tive of VVNDV infection.8, 9, 12, 23, 64, 66, 109, 117 The cecal tonsils, 
which are especially prominent gut lymphoid aggregates 
located in the proximal portion of the ceca, are often regarded 
as the “old faithful” lesion for VVND, as they most consis-
tently display hemorrhage and necrosis grossly (Fig. 2B). 
Other common intestinal lesions are multifocal hemorrhages 
and ulceration in the junction between proventriculus and 
gizzard, which is a site of lymphoid aggregate development 
(Fig. 2C). Spleens are enlarged and severely mottled, show-
ing multiple foci of white to yellow discoloration (necrosis) 
in the most severe cases (Fig. 2D).23,64,66,109,117 Perithymic 
hemorrhages are occasionally observed,23 and as the disease 
progresses, there is severe atrophy of thymus and bursa.66,109 
Tracheal hemorrhages have been rarely described, but were 
notable features in many chickens infected with the CA02 
isolate, especially in the cranial portion of the trachea, and 
were the consequence of necrosis in the laryngeal tonsils.117 
Comb and/or wattle edema are variably present.81 Eyelid 
edema and hemorrhage are consistent findings in animals 
inoculated via the conjunctival route.23,87

The most unifying histologic feature is severe necrosis of 
the lymphoid tissues scattered throughout the body, most 
especially prominent in spleen and gut-associated lymphoid 
tissue, which corresponds to the foci hemorrhage and ulcer-
ation noted grossly.9,23,64,67,110,119 In the less severe, or initial 
stages, there is lymphoid depletion and hyperplasia of macro-
phages with large vacuolated cytoplasm (commonly referred 
to as the “starry-sky” effect). In later stages, there is accumula-
tion of cellular and karyorrhectic debris, pyknosis, and numer-
ous macrophages with vacuolated cytoplasm that contain 
nuclear debris (tingible body macrophages).23,64,66,109,117 In 
the thymus, very early in the infection, there is almost com-
plete necrosis of the cortex. The medulla usually has less 
severe lymphoid depletion. In the bursa of Fabricius, there is 
severe loss of lymphocytes both in the cortex and medulla of 
numerous follicles. The intrafollicular epithelial cells become 
prominent, and there is accumulation of numerous macro-
phages. Occasionally, there is formation of epithelium-lined 
cysts within the lymphoid-depleted lobules. Although numer-
ous follicles are affected at the same times, it is not unusual 
to observe severely affected lobules adjacent to less affected 
or normal ones.

Microscopic changes in the brain are minimal with VVND, 
even in birds dying with neurologic signs. Perivascular 
cuffing is occasionally described.9,23,64,66,109,117 One report of a 
field outbreak caused by a VVNDV strain describes multifocal 
necrotizing encephalitis characterized by multifocal extensive 
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Table 2. Biological proprieties of selected well-characterized strains of Newcastle disease virus.*

Virus

 Lentogenic Mesogenic Velogenic

Biological propriety Hitchner B1 La Sota Ulster 2C Komarov Roakin Texas GB Herts ‘33

Plaque presence in CEF (size in mm) No† No† No† Yes (1–2) Yes (1) Yes (0.5–4) Yes (0.5–4)
MDT 120 103 >150 (140)‡ 69 68 55 49
ICPI ≤0.2 ≤0.5 ≤0.1 1.4  1.45  1.75 1.9
IVPI 0.0 0.0 0.0 0.0 0.0 2.7 2.7
Lethality in 8-week-old chicks 0 0 0 0 0 ≥70% ≥95%
Main tissue tropism R R R/D R R R/N R/N/D
Elution rate at 4°C from chicken erythrocytes Rapid Slow Slow Slow Slow Slow Slow
Thermostability of hemagglutinin (min at 56°C) 5 5 120 5 5 60 50

*CEF = chicken embryo fibroblast; MDT = mean death time, in hr of chicken embryos infected with 1 minimum lethal dose; ICPI = intracerebral 
pathogenicity index; IVPI = intravenous pathogenicity index; R = respiratory apparatus; D = digestive apparatus; N = nervous apparatus; Rapid = <1 hr; 
Slow = 1–24 hr.
†Only with trypsin or diethylaminoethyl dextran.
‡After adaptation in eggs.

areas of malacia. However, when the same isolate was inocu-
lated into specific pathogen–free (SPF) chickens, no encepha-
litic lesions were observed, suggesting a co-participation of 
other factors in the pathogenesis of the field lesions, rather 
than just pathogenic potential of the virus alone.88

Occasionally, vascular changes such as hydropic degenera-
tion of the media, hyalinization, and development of hyaline 
thrombosis are reported in VVNDV infections.9,87 However, 
in numerous experiments involving SPF chickens infected 
via eye-drop instillation,22, 23, 64–66, 109, 117, 120 vasculitis has never 
been a prominent feature. Most likely, it is possible that ves-
sels adjacent to intense inflammatory foci might undergo 
nonspecific inflammatory changes that alter the vessel’s mor-
phologic appearance. In the experience of the authors of the 
current study, vessels adjacent to primary areas of infection 
can show some degree of hyalinosis, most likely caused by 
intense exudation of proteins.

With respect to other body organs, VVND infection has 
been reported to cause multifocal areas of necrosis in the pan-
creas, liver, and gall bladder.9,64,66,109,117 A 2008 NDV outbreak 
in a poultry facility in Japan88 was characterized, among other 
lesions, by hepatic necrosis. When the same strain was inocu-
lated in SPF chickens, fibrin thrombi occurred in the liver.

In general, there is a paucity of evidence that VVND affects 
the lung. In multiple experiments using various VVND strains 
in the current authors’ laboratory, there has been no indica-
tion of pulmonary parenchymal involvement.23,64,66,109,117 
One report of a VVNDV field outbreak in Japan describes 
a pneumonia characterized by histiocytic proliferation and 
tracheitis.88 However, when the same isolate was inoculated 
into SPF chickens, no pulmonary lesions were observed.

Velogenic neurotropic Newcastle disease. Mor-
bidity with VNND often reaches 100%, and mortality is usu-
ally 50% (but can rise to 100% in young chickens). The most 
prominent clinical signs are neurologic and consist of head 

twitch, tremors, opisthotonus, and paralysis (Fig. 2E).9,23,113 
Despite the fact that the neurologic involvement can be dra-
matic, the animals are characteristically bright and alert, and 
if able to reach food, will eat. The course of the disease is 
longer than with VVND, and the neurological signs are most 
prominent between 5 and 10 dpi, which is beyond the point of 
survival with most VVND strains, where animals often die at 
4 or 5 dpi.23

While, according to some key reviews,9,113 respiratory 
signs are considered a prominent feature of infection with 
velogenic neurotropic strains, there is an absence of original 
reports (at least in the recent literature) that describe respira-
tory clinical signs or respiratory lesions in animals experi-
mentally infected with VNNDV. When 4-week-old chickens 
were infected via eye-drop instillation with 4 neurotropic 
strains (Turkey ND, Texas GB, Cor-MI, Cor-MN) respiratory 
distress was not observed, and the neurologic signs predomi-
nated.23,62 To the authors’ knowledge, only one original report, 
published in 1976, of experimental infection with VNNDV, 
described severe respiratory signs (i.e., mouth breathing and 
gasping by 4 dpi) followed by nervous signs at 11–12 dpi.108

Gross lesions are often absent, and the involvement of 
the visceral organs appears to be minimal, although animals 
euthanized in the early stages of disease may have splenic 
or proventricular congestion.23 Despite the neurotropism of 
these strains, gross lesions in the central nervous tissue are 
not present.9,23 In comparison to VVND, there are no charac-
teristic gross lesions for VNND. In fact, in most cases, gross 
lesions are completely absent.

Histopathologic changes in chickens infected with VNND 
strains are largely restricted to the central nervous system. 
There is multifocal mononuclear perivascular cuffing, associ-
ated with hypertrophy/hyperplasia of vascular endothelium, 
moderate gliosis, and multifocal necrosis of the Purkinje 
cells (Fig. 2F).23,123 The lesions are more prominent in the 
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Figure 2. Clinical and pathologic features of Newcastle disease virus (NDV). Velogenic viscerotropic (VVNDV): A, hemorrhage 
within the crescent-shaped lymphoid patch in the lower eyelid is a characteristic early feature of NDV. B, Focal hemorrhage and necrosis 
of cecal tonsils occurs in infection. C, hemorrhagic foci in the proventriculus correspond to necrosis of underlying lymphoid tissue. D, 
mottled spleen indicating multifocal necrosis. Velogenic neurotropic (VNNDV): E, birds are often bright and alert but have hemiparesis. 
F, histologically, brain lesions are prominent in velogenic neurotropic ND and consist of extensive gliosis and astrocytosis; cerebellum. 
Hematoxylin and eosin. Bar = 100 µm. G, VVNDV, immunohistochemical staining for viral nucleoprotein reveals numerous infected cells 
in spleen; cells morphologically resembling macrophages; 3 days post infection. Naphthol-red chromogen, hematoxylin counterstain. Bar 
= 100 µm. H, VVNDV, riboprobe in situ hybridization for matrix gene reveals abundance of infected cells morphologically compatible 
with macrophages; lamina propria, cecal tonsil. Nitro blue tetrazolium–5-bromo-4-chloro-3-indolyl phosphate chromogen, hematoxylin 
counterstain. Bar = 100 µm.
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cerebellum, especially within the molecular layer, where 
they first appear around 5 dpi.123 Nervous lesions are most 
prominent 5–10 dpi. Other reported histologic lesions with 
VNNDV are lymphoid depletion, and myocarditis.23 No 
reports of documented pneumonia with VNNDV were found 
in the literature.

Mesogenic Newcastle disease. As reported previ-
ously,9 mesogenic viruses in field conditions cause mild 
clinical signs, mainly respiratory. Field outbreaks with meso-
genic strains also have been associated with a drop in egg 
production and misshapen eggs.9 Concurrent viral and 
secondary bacterial infections are thought to be common 
complications of mesogenic NDV that result in more severe 
morbidity.9,19,33,89,113

In contrast to what is observed in the field with mesogenic 
strains, experimental inoculation of SPF chickens with most 
mesogenic strains causes very minimal clinical signs (mostly 
slight depression), but not any signs specifically related to the 
respiratory system. In numerous animal experiments con-
ducted with similar methodology, mesogenic strain infection 
will in rare cases result in neurologic signs, similar to those 
observed with VNND, but much milder, and with lower mor-
tality rates.64,109,110

Gross lesions with mesogenic strains are minimal. As 
shown previously,23 SPF chickens infected with mesogenic 
strains had mild splenomegaly and some degree of conjunc-
tivitis when inoculated via eye-drop instillation. In the field, 
infection with mesogenic strains is often associated with sec-
ondary bacterial infections, which have their own set of mor-
phologic correlates.6,8,9

Histologically, there is a range of changes seen with meso-
genic strains. The more virulent strains, those that cause a 
notable degree of clinical disease, consist mainly of nonsup-
purative encephalitis that has many similarities to the cases 
caused by the VNND strains (i.e., perivascular cuffing and 
gliosis). Some birds may also have myocarditis, especially 
within 5–10 dpi.23,64,109 In addition, splenic and pancreatic 
necrosis126 can be observed.

When pigeon-isolated strains that were considered to be 
mesogenic after passage in chicken65 were inoculated in 
4-week-old chickens via eye-drop instillation, nervous lesions 
were the most severe, and were characterized by perivascular 
cuffing, gliosis, chromatolysis, and neuronal necrosis, all of 
which were most prominent in the cerebellum and medulla 
oblongata between 5–10 dpi.63,66 In the same studies, multifocal 
myocardial necrosis and mild splenic necrosis were observed.

Lentogenic Newcastle disease. It is generally 
accepted that lentogenic viruses do not cause disease in adult 
chickens. Although some textbooks refer to La Sota as caus-
ing severe respiratory disease in very young animals, no peer-
reviewed references could be found in the scientific literature.9 
When the lentogens B1 and QV4 were experimentally inocu-
lated into 4-week-old chickens,23 or when QV4 was inocu-
lated into 7-week-old chickens,43 in both cases via eye-drop 
instillation, no clinical signs were observed.

Some lentogenic isolates in Australia have been associated 
with respiratory disease in commercial broilers in the field 
(“late respiratory syndrome”) with very low mortality, detect-
able gross lesions (reddening of the trachea), and chronic non-
suppurative tracheitis histologically.48 However, Escherichia 
coli was consistently isolated from the tracheas of the dis-
eased birds, indicating that the clinical disease may well 
have been multifactorial in nature.47

In another report, there were mild clinical signs consisting 
of rales, coughing, anorexia, and depression observed between 
2–12 dpi when a lentogenic strain (Ishii) was aerosolized at 
high concentration into 40-day-old SPF chickens.68 However, 
the high dose delivered directly to the respiratory system 
may have affected the clinicopathologic syndrome.

Lentogenic strains produce minimal, if any, gross lesions.9 
In one report, mild pulmonary hemorrhages and splenomegaly 
were described with the QV4 strain, when inoculated via eye-
drop instillation.43 In another experiment, inoculation of B1 
and QV4 via eye-drop (using the current authors’ laboratory 
standard methodology and dosing) caused no gross lesions.23 
In a 1999 report, in which fields outbreaks are described in 
farmed broilers in Australia, lentogenic strains of NDV had 
been isolated together with E. coli, and gross lesions consisted 
mainly of tracheal hemorrhages48; when the same NDV isolate 
was experimentally inoculated into SPF chickens, no gross 
lesions were detected.47

Histologic changes seen in lentogen-infected chickens are 
minimal. When the lentogenic strains B1 and QV4 are inocu-
lated via eye-drop into 4-week-old chickens, hyperplasia of the 
lymphoid follicles in spleen and air sacs were present.23 In a 
similar experiment with QV4, but with slightly older birds (7 
weeks), there was lymphoid follicle proliferation mainly in the 
lamina propria of the trachea.43 Some lentogenic isolates in 
Australia caused nonsuppurative tracheitis in association with E. 
coli in field outbreaks, or, when experimentally inoculated in 
SPF chickens, induced mild changes, including lymphocytic 
infiltration, loss of cilia, and squamous metaplasia in the proxi-
mal trachea.47,48 Aerosol delivery of lentogenic virus in an 
experimental setting commonly results in tracheal changes (i.e., 
deciliation, congestion, goblet cells hyperplasia, edema, and 
multifocal submucosal infiltration of scattered heterophils, lym-
phocytes, and plasma cells).68,80 In one report of B1 infection 
via aerosol and air sac instillation, the main lesion consisted of 
lymphoid follicle proliferation in the lung and in the air sacs.42

Newcastle disease virus in other avian species

Turkeys. Turkeys are susceptible to NDV, and clinical 
signs are similar to those present in chickens but are less 
severe.10,20 As shown previously,117 3-week-old SPF and 
6-week-old commercial turkeys infected with CA02, a 
VVNDV isolated from the 2002 outbreak in California, all 
became sick, with clinical signs first appearing around 2 dpi, 
and all were dead or humanely euthanized by 5 dpi. Clinical 
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signs consisted mainly of depression, nasal discharge, blood-
tinged diarrhea, and incoordination. In the same study, com-
mercial turkeys appeared more resistant than SPF turkeys. In 
another experiment,100 6-week-old SPF turkeys infected with 
the velogenic viscerotropic strain CA1083 had body tremors, 
dyspnea, and incoordination, and all died by 7 dpi. Those 
infected with the Turkey ND and Iowa 1519 (velogenic neu-
rotropic) strains were recumbent and uncoordinated, with leg 
and wing paralysis, and head twitching by 5 dpi, with all 
animals infected with Iowa 1519 strains dying by 7 dpi. In 
the same experiments, 4-week-old commercial turkeys had 
less severe clinical signs, and longer disease progression.

Turkeys infected with VVND strains developed splenic 
necrosis and/or splenomegaly, conjunctivitis, multifocal areas 
of hemorrhage and ulceration mainly in the small and to a 
lesser extent large intestine, multifocal hemorrhages in the 
upper third of the trachea that are associated with necrosis of 
the laryngeal tonsils, just caudal to the epiglottis, cloudy air 
sacs, and multifocal pancreatic necrosis. Histologically, the 
most prominent lesion was lymphoid depletion and necrosis 
of the organs, and ulceration of the intestine overlying the 
affected lymphoid patches.100,117 Turkeys infected with 
VNNDV (Turkey ND and Iowa 1519) had multifocal gliosis 
and perivascular cuffing in the brain, necrosis of Purkinje 
cells, multifocal necrotizing myocarditis, and mild lympho-
cytic infiltration within the airsacs.100 Turkeys infected via 
eye-drop with Roakin strain had conjunctivitis, splenomeg-
aly, multifocal myocardial necrosis, lymphocytic infiltration 
in tracheal mucosa and airsacs, and by 10 dpi, multifocal 
areas of pancreatic necrosis. Infection with La Sota (a lento-
gen) via eye-drop did not cause any lesions.100 In turkeys aero-
solized with a very high dose of lentogenic NDV (La Sota, B1, 
ET, 2024), the most prominent lesion was mild to moderate 
fibrinonecrotizing tracheitis.1

Ducks. Ducks can become infected and spread the 
virus; however, no clinical signs are usually reported when 
animals are experimentally infected, even with velogenic 
strains.91,94 Only one paper describes neurological signs 
in ducklings that were experimentally infected with a 
mesogenic strain that was responsible for a previous field 
outbreak in ducks.46

Geese. Geese are considered susceptible to infection, but 
the development of clinical disease is variable. There have 
been numerous reports50,53,74,121,127 of clinical disease in geese 
caused by NDV strains in China. As reported previously,121 the 
same field isolates were able to experimentally reproduce 
similar clinical disease in SPF geese. The involved strains 
belonged to genotypes VIId (isolated more frequently), VI, 
and IX. Clinical signs started to appear at 3 dpi and were char-
acterized by moderate to severe depression, anorexia, diar-
rhea, ocular and nasal discharges, and swelling of the eyelids. 
Deaths occurred between 3–12 dpi.121

Both natural and experimental infections of geese with 
some novel strains circulating in China121 were characterized 
by multifocal areas of ulceration and hemorrhages in the 

esophagus, gizzard, and multifocal necrosis of the intestinal 
mucosa. Histologically, there was ulceration and fibrin depo-
sition in the intestinal mucosa and over the cecal tonsils, 
severe atrophy of lymphoid organs, and lymphoid depletion 
in some animals, multifocal areas of necrosis in the pancreas 
and, less frequently, in the liver. In a few cases, brain was 
affected, with neuronal degeneration present.

Pigeons. Birds in the Columbiformes order, which 
includes pigeons and doves, can be infected with NDV.34,117 
But most ND in pigeons is due to pigeon-specific viruses, 
which are known as Pigeon paramyxovirus-1 (PPMV-1) to 
distinguish them from the rest of the APMV-1 viruses. The 
first PPMV-1 outbreak was reported in the Middle East dur-
ing the 1970s, then spread to Europe during the 1980s,73 and 
at present is considered to be endemic worldwide.116 Clini-
cal signs in pigeons vary mainly according to age. In young 
animals, mortality can reach 100%, whereas in adults, mor-
tality is minimal, and morbidity is approximately 10%. The 
incubation period is 10–14 days, and viral shedding can be 
observed beginning at 2 dpi.13 Clinical signs consist mainly 
of nervous signs (most prominent in young birds) and 
diarrhea.9,116

Unlike PPMV-1, NDV strains isolated from chickens, 
even when highly virulent, cause minimal or no clinical dis-
ease in pigeons. In a previous study,117 eye-drop instillation 
of CA02, a velogenic viscerotropic strain, caused observ-
able clinical disease (mild tremors) in only 1 out of 10 inoc-
ulated birds. In other studies when pigeons were inoculated 
via eye-drop with CA1083 (also a VVND), clinical disease 
was observed in 9 out of 21 juvenile birds and in 5 out 
of 10 adult birds. Clinical signs consisted of head tremors, 
wry neck, opisthotonus, wing droop, and leg paralysis. In 
the juvenile pigeons, 7 of 21 died, and in the adults, only 1 
in 10 died.34

Lesions associated with NDV in pigeons vary according to 
the virulence of the strains. In general, isolates from chickens 
cause minimal pathological changes, whereas pigeon variant of 
NDV (PPMV-1) can cause a series of lesions that vary based 
upon the age and the inoculation route.61 Gross lesions in 
pigeons infected with PPMV-1 from natural outbreaks consist 
of pancreatic necrosis, enteritis, and proventricular hemor-
rhages. Histologically, lesions consist of nonsuppurative 
encephalitis, multifocal necrosis in spleen, bursa, liver, larynx, 
and pancreas, and multifocal accumulation of lymphocytes in 
several organs.79,96,126 Grossly, pigeons infected with viscero-
tropic velogenic CA02 showed only moderate spleen enlarge-
ment at inspection, while histological lesions consisted mainly 
of perivascular cuffing and gliosis in the cerebellum and brain-
stem by 14 dpi.117

Upland game birds. Partridges and pheasants are con-
sidered to be extremely susceptible to NDV.3,14 Clinical signs 
have been considered similar to those observed in chickens, 
and can span from acute onset with rapid death, severe ner-
vous signs, to inapparent infection.9,30,60 Also, lesions are 
similar to those observed in other poultry.9
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Cormorants. There are several reports describing NDV 
outbreaks in double crested cormorant (Phalacrocorax 
auritus) populations. Reports from the field describe mainly 
neurologic signs15; however, experimental infection of cor-
morants infected with strains isolated from recent outbreaks 
did not cause mortality in 16-week-old cormorants. Clinical 
signs including tremors and ataxia were recorded in a small 
number of inoculated birds.70

In field reports,15,17 the most prominent gross lesions were 
enlarged and mottled spleen associated with bursal atrophy and 
multifocal hemorrhagic foci in the meninges. Histologically, 
lesions were multifocal nonsuppurative encephalitis with areas 
of gliosis, which appeared more prominent in the cerebellar 
white matter, interstitial nephritis, and multifocal myocarditis. 
In experimentally infected 16-week-old cormorants, no lesions 
were observed at necropsy.70

Pet birds. In psittacine birds, clinical signs vary from 
inapparent to severe neurologic disease. The incubation 
period is usually short (2–3 days) but can be up to 14 days.113 
In a survey including 7 species of wild birds in a zoological 
collection, 3 species of parrots (macaw parrot, white cockatiel, 
red breasted parakeet) shed VVND without showing clinical 
signs.102 In 1991, cases were reported95 of ND in psittacine 
birds from 6 states of the United States, and in 4 of which the 
disease assumed outbreak proportions. Clinical signs 
included tremors, lateral recumbency, respiratory distress, 
greenish diarrhea, ruffled plumage, and head drawn back 
between the shoulders, and often death. The isolated viruses 
were categorized as VVNDV. Birds affected were yellow-
headed Amazon parrots (Amazona ochrocephala oratrix), 
yellow-naped Amazon parrots (Amazona ochrocephala 
auropalliata), cockatiels (Nymphicus hollandicus), and 
conures (Aratinga spp.).

In another study,35 aerosol exposure of budgerigars 
(Melopsittacus undulates), Amazon parrots, and conures with a 
VVNDV isolated from an Amazon parrot, caused mainly neu-
rological signs consisting of tremors, ataxia, wing droop, and 
uni- or bilateral leg paralysis that culminated about 2 weeks 
post infection. Animals with bilateral leg paralysis died, 
while those with single leg paralysis adapted to the condition 
or recovered. Budgerigars showed the most severe signs, 
followed by Amazon parrots and conures. In the same study, 
budgerigars, Amazon parrots, and conures were able to spread 
the virus and infect cage-mates.

Psittacine birds also have been implicated in the mainte-
nance of NDV infections and in transmission of the disease 
to poultry species. The California outbreak of 1971 has been 
traced back to a psittacine isolate.115 This appears even more 
important since excretion of VVNDV has been shown to last 
for more than 1 year after exposure in Amazon parrots and 
for more than 80 days in budgerigars.35

Gross and histological lesions in psittacines after NDV 
exposure are not well documented. In one report,35 following 
aerosol exposure to VVNDV, conures, Amazon parrots, and 
budgerigars had hemorrhages and necrosis of the intestinal 

mucosa, hemorrhages on the skullcap and around the orbit, 
fibrinous peritonitis, hepatosplenomegaly, focal hepatic necro-
sis, airsacculitis, and hemorrhagic tracheitis.

Canaries (Serinus canarius) show variable clinical disease. 
In one study,35 aerosolization of a VVNDV strain into canaries 
caused viral shedding and cumulative mortality of 25%; how-
ever, no characteristic clinical findings were observed before 
death. In another study, canaries showed very low mortality 
upon infection with a VVNDV strain and, when present, clini-
cal signs included severe depression prior to death and neuro-
logical deficit (Terregino C: 2004, Evaluation of vaccination 
against Newcastle disease in canary birds. In: Proceedings of 
the 53rd Western Poultry Disease Conference, March 7–9, 
Sacramento, CA).

Immunohistochemistry and in situ hybridization as 
tools for understanding the pathogenesis of NDV

Immunohistochemistry (IHC) and in situ hybridization (ISH) have 
been used extensively to study the distribution of NDV pro-
tein in the tissues of infected birds.23, 49, 64–66, 76, 93, 109, 110, 117, 120, 123 
Studies have allowed a more thorough understanding of the 
tropism and distribution of the virus. As such, they help to 
supply information about pathogenesis and so can clarify 
for the diagnostician the pattern of lesions seen grossly and 
histologically.21 Immunohistochemistry and ISH are not in 
routine use as diagnostic assays but the information from 
the experimental studies can supply a roadmap in under-
standing the clinicopathologic picture presented with the 
various pathotypes. The pathotypes (VVNDV, NVNDV, 
mesogens, and lentogens) all appear to have different tro-
pism and viral distribution in the body tissues.

Velogenic viscerotropic Newcastle disease. Ani-
mal experiments in chickens conducted with similar meth-
odologies23,64-66,109,117 showed that the VVNDV strains, in 
comparison to the other pathotypes, have the most intense 
and widespread distribution of virus in various tissues. Virus 
was constantly found as early as 2–3 dpi in the lymphoid tis-
sues throughout the body, including thymus and bursa (pri-
mary lymphoid organs), spleen, and cecal tonsils. Within the 
spleen, both by IHC (Fig. 2G) and ISH, signal was mainly 
observed in the macrophages surrounding the penicilliary 
arteries, whereas in the other lymphoid organs, virus was 
detected in the center of the lymphoid follicles, in cells mor-
phologically compatible with macrophages and lymphocytes. 
In the cecal tonsil, NDV first appears in cells morphologically 
consistent with macrophages within the lamina propria 
(Fig. 2H), and this is followed rapidly by depletion and ulcer-
ation. Other sites where NDV immunohistochemical signal 
has been observed are the conjunctiva, nasal turbinates, mul-
tifocally and rarely in the esophageal mucosa, crop, bone 
marrow (in the lymphoid dependent areas and within the 
osteoclasts), in the epithelium of the comb, interstitium, and 
proximal tubules of kidney, in Kupffer cells in the liver, in 
cardiac myocytes, pancreas, and in epicardial and pericardial 
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lining cells. The VVND viruses have been detected by both 
IHC and ISH within scattered neurons in the cerebrum and 
cerebellum, and in the submucosal and myenteric plexuses 
within the intestine.88,109 In the respiratory tract, moderate 
signal has been detected in laryngeal tonsils by IHC, alveolar 
septa by ISH, and occasionally in the epithelial cells lining 
both air capillaries and atria and within the epithelium of the 
air sacs, by IHC.23,109,117 So it appears that after initial repli-
cation in lymphoid tissue, VVNDV can have a very exten-
sive dissemination to multiple body systems.

Turkeys had viral distribution very similar to that observed 
with chickens, with the main target of viral replication being 
the lymphoid organs.100,117 Pigeons infected with CA02 had 
minimal positive signal only by ISH in bursa, spleen, and 
thymus.117

Velogenic neurotropic Newcastle disease. In 
chickens, the VNNDV strains Texas GB and Turkey ND were 
detected only in the brain (few scattered neurons), myocar-
dium, and air sacs by ISH or IHC.23 In general, the detection 
signals increase with time, starting at 5 dpi and increasing 
until the animals become severely clinically ill.23 In turkeys 
infected with VNNDV, distribution of immunohistochemical 
labeling was similar, and mainly detected in cerebellum, pan-
creas, and heart.100

Mesogenic Newcastle disease. Numerous IHC and 
ISH studies done on tissues of chickens infected with meso-
genic strains demonstrate that localization of the virus is 
mainly limited to the site of inoculum (mainly conjunctiva), 
heart, and in those strains that cause neurologic disease, the 
brain.63,64,66,109 In these neurologic cases, immunolabeling or 
hybridization demonstrate that the virus is preferentially 
located in the clustered neurons within the cortex, medulla 
oblongata, scattered Purkinje cells, and within multifocal 
areas of the molecular layer in the cerebellum. With Roakin, 
Anhinga, Pigeon TX, Pigeon GA, Pigeon 84, and 84-44407 
strains (all mesogens), viral messenger RNA or NP was con-
stantly detected in clusters of cardiac myocytes (usually associ-
ated with areas of inflammation) by 5 dpi.23,63,64,66 With ISH, 
Roakin and Anhinga strains were also detected in the air sac 
epithelium.23 Rare positive cells by ISH were observed in the 
spleen of animals infected with the Anhinga strain.23 Turkeys 
infected with the Roakin strain showed minimal immunola-
beling by IHC, only in few cells in the heart and crop.100

Lentogenic Newcastle disease

Systemic detection of lentogens is challenging. In an experi-
ment conducted with 4-week-old chickens inoculated via eye-
drop instillation, hybridization with the B1 strain occurred 
only in very small amounts in air sac epithelium and in 
the myocardium; the QV4 strain was detected only in the 
heart.23 Immunolabeling for NP was detected only mini-
mally in few epithelial cells of the trachea in commercial 
turkeys infected with the La Sota strain. No systemic spread 
was observed.100

Newcastle disease infection and 
respiratory pathology

Newcastle disease virus is often grouped with the respiratory 
pathogens, and there seems to be a common assumption that 
NDV is primarily a respiratory disease. Based on a review of 
the literature as well as the current authors’ own experimen-
tal findings, it seems advisable to caution against labeling 
NDV as such.

The velogens have specific tropisms for lymphoid tissue 
(VVND) or central nervous system (VNND). Although respi-
ratory tissues may show evidence of infection, as detected by 
IHC or ISH, the involvement of this system seems relatively 
minor compared to the massive damage to other body sys-
tems. The mesogenic strains have a particularly wide array 
of clinicopathologic presentations, with experimental infec-
tion resulting in anything from mild depression to severe neu-
rologic impairment. Field outbreaks associated with mesogenic 
strains are often reported to be respiratory in nature, although 
these most commonly have additional secondary bacterial 
pathogens. In experimental studies with mesogens, there is a 
lack of respiratory involvement.

Although some lentogenic NDV strains have been shown 
experimentally to cause moderate lesions in the respiratory 
system, these changes were obtained only through aerosoliza-
tion or use of very high viral titers,1,43,68direct air sac instilla-
tion of the virus,42 or when very young chickens (1-day-old) 
were used.80 In the current authors’ ISH and IHC studies, 
viral RNA or protein within cells throughout the respiratory 
tract have been identified in varying degrees, especially with 
the VVND viruses. However, the progression to lesion devel-
opment is not remarkable.

It seems that NDV is truly a kaleidoscope of disease pre-
sentations, with the most virulent viruses targeting lymphoid 
tissues and central nervous system, and minor presence of 
virus with or without pathologic changes in multiple other 
body systems. In the field, where secondary respiratory patho-
gens are always lurking, minor pathologic changes in airways 
induced by the less virulent NDV strains might allow for 
these pathogens to become established and create a respira-
tory syndrome.

Conventional diagnosis of APMV-1 virus
Isolation of virus

Historically, diagnosis of APMV-1 infection relies on the 
detection of the infectious agent by virus isolation in embry-
onated eggs or cell cultures.2 At present, virus isolation is the 
prescribed test for international trade125 and remains the 
method of choice for confirmatory diagnosis or as the “gold 
standard” method for the validation of other techniques.9,12,113 
Interestingly, antigen immunodetection of NDV has received 
little attention, as demonstrated by the absence of data pub-
lished in available international scientific journals on this 
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issue. Furthermore, to the authors’ knowledge, only 2 com-
mercial products based on immune chromatographic assay 
exist on the market at present. This poor development might 
be due to the limited information this type of assay can pro-
vide particularly in a vaccinated population (i.e., positivity 
for APMV-1 without additional information on the pathotype 
and strain involved).

Virus isolation and typing in embryonated 
chicken eggs. Harmonized protocols for virus isolation in 
embryonated eggs follow OIE standards.125 If commercial 
eggs are used, the presence of specific antibodies for NDV as 
a result of vaccination programs or natural exposure to the 
antigen of the parent flocks should be checked as they may 
reduce the overall ability of the virus to grow,12 particularly 
if samples are inoculated into yolk sac where maternal anti-
bodies are concentrated.

As described in the OIE Diagnostic Manual, at least five 
9–11-day-old SPF embryonated chicken eggs for each sam-
ple should be inoculated into the allantoic cavity, then incu-
bated at 35–37°C for 4–7 days and candled daily to check 
vitality. The mortality of inoculated eggs earlier than 24 hr 
post-inoculation is generally considered nonspecific, although 
some very virulent strains if present in high concentrations in 
the sample may cause embryo mortality as early as 24 hr 
post-inoculation. Specific embryo mortality more often occurs 
within 3–5 days post-infection and is influenced by the virus 
strain, age of embryo, and inoculum concentration. In gen-
eral, embryonic death is hastened when younger embryos 
and higher inoculum concentrations are used. Death of the 
embryo is often very quick if the virus is inoculated in the 
yolk sac and amniotic sac, while it is slower if inoculation is 
via the allantoic cavity.

Generally speaking, more than 85% of ND isolations are 
made on the first passage, with less than 10% needing one 
blind passage. Isolation of ND viruses after 2 blind passages 
is considered very rare.69 To accelerate the final isolation, it is 
possible to carry out 2 passages at a 3-day interval, obtaining 
results comparable to 2 passages at 4–7-day intervals.12 The 
allantoic fluid containing dead embryos, or those chilled at 
the end of the fourth through seventh day, are tested for hem-
agglutinating (HA) activity, as hemagglutination is a key fea-
ture of ND viruses. However, avian influenza (AI) viruses 
and other avian paramyxoviruses will also cause hemaggluti-
nation, so distinction is essential. If HA activity is detected, 
the hemagglutinating agents should be identified by means of 
the hemagglutination inhibition (HI) test, which uses specific 
sera, or by molecular tests, which may provide information 
on the pathotype and genotype.

Some APMV-1 strains lose the hemagglutinating capacity 
when heated at 56°C for 5 min, but retain infectivity for 
chicken embryos even after 30 min at the same temperature. 
Influenza viruses, instead, always lose their infectivity before 
the loss of HA ability. On the basis of the response to heat-
treatment, it may be also possible to distinguish between 

2 types of lentogenic viruses. In fact, classical vaccine viruses 
(e.g., La Sota or B1 strain) can be heat-inactivated while other 
lentogenic viruses as well as mesogenic and velogenic strains 
remain infectious after the treatment.77

In the HI test, some level of cross-reactivity may be observed 
among the various avian paramyxovirus serotypes. Cross-
reactivity can be observed between APMV-1 and APMV-3 
viruses (particularly with the psittacine variant of APMV-3, 
commonly isolated from pet or exotic birds) or APMV-7. The 
risk of mistyping an isolate can be greatly reduced by using a 
panel of reference sera or monoclonal antibodies (mAbs) spe-
cific for APMV-1, APMV-3, and APMV-7. The use of mAbs 
also permits characterization of antigenic differences within 
different strains of APMV-1 or even between subpopulations 
of the same strain.104

Other more traditional laboratory techniques, such as agar 
gel immunodiffusion, fluorescent antibody test, hemolysis test 
(APMV-1 viruses cause hemolysis while influenza viruses do 
not), or the identification of virus particle morphology by 
electron microscopy can be applied but such methods allow 
only a generic identification of APMV without any informa-
tion on pathotype.

Virus isolation in cell cultures. Suspension of 
homogenated organs, feces, or swabs prepared as for isola-
tion in eggs may also be used for attempted isolation in cell 
cultures. The APMV-1 strains can replicate in a variety of 
cell cultures of avian and non-avian origin, among which 
the most widely used are: chicken embryo liver cells, 
chicken embryo kidney cells, chicken embryo fibroblasts, 
African green monkey kidney cells, avian myogenic, and 
chicken embryo–related cells.113 Primary cell cultures of 
avian origin are the most receptive. Viral growth is usually 
accompanied by cytopathic effects typically represented 
by disruption of the monolayer and formation of syncytia. 
The virus also causes the formation of plaques, which 
according to the level of the cytopathic effect can appear 
clear, dull, or very dark and have a variable diameter from 
0.5 to 4.0 mm. The majority of velogenic and mesogenic 
strains cause the formation of clear plaques. Effective rep-
lication and plaque formation in chick embryo cells for len-
togenic viruses is conditioned on the presence in the culture 
of Mg2+ ions and diethylaminoethyl dextran or trypsin 
(0.01 mg/ml) in the culture medium.

Some strains of PPMV-1 and some strains of APMV-1 
such as the nonpathogenic Ulster strain can be isolated in 
chicken liver or chicken kidney cells but not in embryonated 
eggs.69 If possible, mainly when dealing with samples sus-
pected of being infected with PPMV-1, virus isolation 
should be attempted using both substrates (embryonated 
eggs and primary chicken embryo cells). Since the viral titer 
obtained in cell culture is usually very low, additional repli-
cation steps in embryonated eggs should be performed prior 
to characterization of the isolate by HI or other phenotypic 
methods.
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Application of molecular methods  
for APMV-1 detection and typing

Being able to identify APMV-1 using molecular techniques 
has become increasingly common. As for many other RNA 
viruses, genetic variability of APMV-1 is significant, and 
recent analyses have revealed the existence of 2 main distinct 
genetic clades, termed class I and II (Fig. 1).31 Class I includes 
almost exclusively low virulence strains recovered from live 
bird markets in the United States or wild waterfowl world-
wide, while class II is comprised of the vast majority of 
viruses of high and low virulence isolated from poultry and 
wild birds.31,58 Within classes, relevant genetic variability 
exists, and several distinct genogroups have been identified 
in each class.5,44,83 For example, a previous study described 
relevant genetic variability among class I viruses, and 9 
novel genotypes within this class were identified.58 Figure 1 
schematically illustrates the genogrouping according to the 
2 main distinct classifications.

Techniques based on biomolecular methods have been 
developed not only for the detection, but also for the rapid 
genetic characterization of the virus, and specifically to deter-
mine its pathotype (i.e., identification of avirulent or virulent 
strain). Molecular detection of APMV-1 has progressed in 
parallel with the increased variety of modern biotechnologies 
becoming available.

Origins of detection and typing of APMV-1  
by nucleic acid amplification-based methods

The first documented attempt to detect APMV-1 by reverse 
transcription polymerase chain reaction (RT-PCR) in allan-
toic fluids of embryonated fowl eggs dates back to 1991.52 
Since then, a variety of laboratory protocols ranging from 
gel-based RT-PCR to real-time RT-PCR, restriction 
enzymes–based procedures, and rapid sequencing have been 
developed and published. Initially, RT-PCR for the detection 
of APMV-1 was applied to confirm the presence of the virus 
in allantoic fluids of embryonated chicken eggs inoculated 
following the standard procedures. For proper diagnosis of 
ND, it is essential not only to reveal APMV-1 viral RNA, but 
also to deduce the pathogenicity of the virus involved. Since 
the nucleotide and consequently amino acid composition of 
the cleavage site of the F gene is regarded as a major deter-
minant for pathogenicity,40,114 the RT-PCR protocols aiming 
to pathotype the virus all target this gene. Procedures for 
identification of NDV in allantoic fluids or tissue homoge-
nates, with some including discrimination between virulent 
and nonvirulent viruses, were published by numerous inves-
tigators (Jestin V, Arnauld C: 1994, Direct identification and 
characterization of APMV1 from suspicious organs by 
nested PCR and automated sequencing. In: Proceedings of 
the joint first annual meeting of the National Newcastle 
Disease and Avian Influenza laboratories of the European 
communities, ed. Alexander DJ, pp. 89–97. Brussels, 

Belgium).41,51,52,56,92,105 The main drawbacks of these earlier 
procedures were low sensitivity and/or inability to detect all 
strains. Nested PCR was also developed and showed good 
promise but this technique is prone to sample contamination 
and production of false-positive results, therefore it is not ideal 
for diagnostic laboratories with high sample throughputs.55

A 2000 study90 first reported the application of a 2-step 
nested RT-PCR followed by restriction enzyme analysis 
directly on clinical specimens. The procedure had high 
specificity, and further modification allowed discrimination 
between lentogenic, mesogenic, and velogenic strains.29,90 
Furthermore, the test could potentially identify dual infec-
tions (i.e., lentogenic and meso- and/or velogenic strains in 
the same sample).29 Alignment of more than 300 APMV-1 F 
gene sequences available in GenBank and subsequent in 
silico determination of the presence of the BglI restriction site 
indicated that this approach could correctly identify the vast 
majority of the circulating viruses sequenced to date, with 
only few exceptions accounting for approximately 10% of the 
viral sequences tested. In the in silico simulation, all excep-
tions were represented by lentogenic sequences, which could 
potentially be misidentified as meso- and /or velogenic by 
the BglI restriction profile (Cattoli and De Battisti, personal 
communication).

Real-time PCR era of detection and typing 
of APMV-1

The advent of real-time PCR using fluorogenic hydrolysis 
(TaqMan) probes provided highly sensitive and rapid testing 
procedures. Generally speaking, these types of procedures 
showed sensitivity limits in the same order of magnitude of 
the nested RT-PCR assays; increased specificity of the test 
was due to the application of labeled probes and reduced 
risks of contamination by avoiding post-amplification manip-
ulations. A previous study4 applied fluorogenic probe–based 
real-time RT-PCR targeting the F gene to several virulent and 
nonvirulent isolates. Six distinct probes were designed in 
order to be capable of hybridizing with a wide panel of viru-
lent or avirulent APMV-1, and the results obtained correlated 
well with the in vivo and sequencing results in 43 out of 
45 isolates. Two isolates provided false-negative results likely 
due to variations in the nucleotides composition of the region 
targeted by the probes. This procedure was not tested on 
clinical specimens.

The increased amount of genetic sequence data available 
particularly in the last decade has highlighted the high degree 
of genetic variability of APMV-1 and particularly of the F 
gene. This variability may well explain the occurrence of 
false-negative results provided by different probe-based real-
time RT-PCR protocols developed for this target57,59,103,124 
and the development of alternative protocols. To reduce the 
need for several distinct and expensive fluorogenic probes, 
a previous study28 developed a ligase chain reaction (LCR) 
targeting the F gene for APMV-1 detection and pathotyping. 
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Since DNA polymerases are not employed for amplification 
during LCR, misincorporation of nucleotides and generation 
of amplification artifacts as primer-dimer formation is 
greatly reduced,54 facilitating the inclusion of many different 
primers in the same reaction mix to balance the large nucleo-
tide variation of the targeted gene. The LCR was based on the 
discrimination of the single nucleotide “T” or “C” at position 
395 of the F gene, associated to virulent or nonvirulent 
pathotypes, respectively.

In an attempt to reduce the risk of false-negative results 
due to target and/or probe mismatches, probe-free real-time 
RT-PCR protocols were designed based on the use of DNA 
intercalant (SYBR Green)98 or light-upon-extension (LUX) 
fluorogenic primers.16 By applying SYBR Green real-time 
RT-PCR protocol, the differentiation of APMV-1 pathotype 
was based on melting curve analysis subsequent to a 2-step 
RT-PCR amplification using primers targeting the F gene. 
According to the authors, the melting temperature (Tm) of 
the PCR amplicons were 91.25 ± 0.14°C, 90.17 ± 0.35°C, 
and 89.23 ± 0.27°C for lentogenic, mesogenic, and velogenic 
strains, respectively.98 The test was positive in 38 out of 40 
(95%) experimentally infected chickens, and the test limit of 
detection was 900 plasmid copies. However, this protocol 
was tested on a limited number of strains (e.g., only 2 lento-
genic strains, 9 mesogenic strains, and 26 velogenic strains 
mostly coming from the same country). Considering the 
genetic variability of the F gene, variations in the Tm should 
be expected, making the predictive value of the melting curve 
analysis for pathotyping questionable. A protocol based on 
one-step real-time RT-PCR using LUX primers indicated that 
this relatively novel technique can be applied for APMV-1 
detection but not for its pathotyping.16 The primers designed, one 
of which was degenerated, showed 100% homology in most of 
the alignments with sequences of various origin deposited in 
GenBank.16 The test, conducted on 32 virus strains of vari-
ous origins and on samples collected in experimentally 
infected chickens, exhibited analytical sensitivity equivalent 
to 101.2/0.2 ml and 102.2/0.2 ml for virus culture and chicken 
feces, respectively, and the limit of detection was equivalent 
to 20 plasmid copies.

It is apparent from the literature that the high nucleotide 
variability of the F gene is primarily responsible for mis-
matches between oligonucleotides (i.e., primers and/or probes) 
and cDNA templates, which lead to false negatives. As demon-
strated by previous studies,39,57 the number but also the posi-
tions of the nucleotide mismatches of the probes are extremely 
important for the efficiency of the assay. From the above-
mentioned studies, it seems that primer mismatches are bet-
ter tolerated than probe mismatches.

In order to detect strains responsible for false-negative 
results in the molecular assays, alternative and strain-specific 
RT-PCR or real-time RT-PCR were developed, particularly for 
the genetically divergent pigeon paramyxoviruses (PPMV-1)18 
and APMV-1 of goose-origin.67 Modifications of existing F 
gene–targeting protocols by the insertion of degeneracy in 

the oligonucleotides employed in the assays were considered57 
as well as a completely novel F-gene probe applied to a pre-
existing USDA-validated protocol.103 Also, different approaches 
to the amplification of the F gene have been attempted, such as 
the development of real-time RT-PCR using combination of 
distinct, shorter minor groove binder (MGB) probes within the 
same reaction mix37 or the insertion of nucleotide degeneracy 
and locked nucleotides (LNA) in the probes.39 In both studies, 
the assays were designed to rapidly differentiate virulent and 
avirulent strains by the application of multiple set of primers/
probe. The limit of detection was established between 101 
and 103 EID

50
/0.1 ml.37,39

Although not based on real-time RT-PCR protocol, RT 
loop-mediated isothermal amplification assays (RT-LAMP) 
targeting the F gene of APMV-1 were described.72,99 The 
RT-LAMP consists of an isothermal reaction, thus no need for 
a thermal cycler, and the final amplification products can be 
visualized by color change in the reaction tube, thus no need 
for special visualization equipment. The RT-LAMP assay for 
NDV has been improved recently but tested on a limited 
amount of reference strains, and field and experimental 
samples.72 The results were promising; however, more exten-
sive validation is needed, particularly with reference to the 
capability of this assay to detect different viral genogroups.

Genetic variability of APMV-1 as the main 
constraint to the application of molecular tests

Taking into account that variant viruses may emerge and 
circulate at any time, molecular-based assays targeting the 
hypervariable F gene could not be considered completely 
reliable for detection, even if indispensable for pathotyping. 
Other genes supposed to be more conserved were considered 
for the development of APMV-1 molecular detection assays. 
Recently, a protocol aimed at detecting and differentiating 
velogenic and lentogenic strains using SYBR Green I chem-
istry and PCR primers targeting the NP gene have been 
developed.111 The assay was designed based on the fact that 
nucleotide sequence alignment of NP genes from different 
APMV-1 pathotypes revealed that velogenic and lentogenic 
strains showed distinct nucleotide variations at specific posi-
tions in the NP gene. The protocol developed was a 2-step 
real-time RT-PCR employing the first set of primer in the RT 
phase to synthesize 750 bp of cDNA. Subsequently, the real-
time PCR was applied using a common forward primer for 
both velogenic and lentogenic strains and 2 reverse primers, 
each designed to be specific for lentogenic or velogenic 
strains (in both cases, the expected PCR product is 231 bp). 
The sensitivity limit of the assay was 3 × 105 DNA plasmid 
copies per reaction,111 therefore 1,000 times less sensitive 
than a previous protocol for APMV-1 detection based on 
SYBR Green chemistry.98 The discrimination between velo-
genic and lentogenic strains was based on the melting curve 
analysis, with the Tm being 86.0 ± 0.28°C and 87.4 ± 0.21°C 
for velogenic and lentogenic strains, respectively. However, 
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mesogenic and lentogenic could not be discriminated in the 
study,111 and the assay was evaluated on a limited number of 
field strains, mainly collected in the same region. Therefore, 
caution in the interpretation of the melting curve results for 
discrimination is imperative due to potential genetic vari-
ability among strains also for this gene.

The M gene was also found to have more conserved regions, 
particularly near the 5’ end of the gene.106 These regions were 
considered for the development of a one-step TaqMan-
based real-time RT-PCR intended to be used for screening 
the presence of a wide variety of APMV-1 genomes in clin-
ical specimens collected in poultry.124 The assay could detect 
approximately 103 genome copies and 10 EID

50
 and correlated 

well (>90%) with virus isolation, although not all the samples 
tested positive by virus isolation were also positive by this 
real-time RT-PCR protocol.

All of these protocols were subjected to extensive valida-
tion, and they were approved by the USDA. The protocols 
were applied and field evaluated in USDA-APHIS labora-
tories for the testing of approximately 35,000 specimens 
between 2004–2007 (Senne, personal communication; cited 
in Kim59). Being considered more reliable and sensitive, the 
intended use of the assay based on the conserved M gene is 
for primary screening, with the test for F gene providing the 
confirmation for virulent or avirulent viruses.57 The protocol 
targeting the M gene described previously124 also has been 
applied to wild bird surveillance in Europe24 and for screen-
ing of samples collected in Europe, Africa, and Asia.25,26 The 
extended use of these protocols in the field has revealed the 
occurrence of false-negative results due to the genetic vari-
ability in the M gene.27,57,58,124 It became evident that the highly 
genetically divergent APMV-1 viruses belonging to geno-
type 6 (class I) were not detected by the assays targeting the 
supposedly conserved M or NP genes in the vast majority of 
cases.39,59 Therefore, novel assays more fitting of this lineage 
should be developed.59 Recently, a real-time RT-PCR protocol 
targeting the L gene of APMV-1 has been developed with the 
aim of detecting class I and II viruses. In this protocol, a single 
primer set and 2 different hydrolysis probes were applied to 
broaden the applicability of the different genogroups, but a 
lack in sensitivity (limit of detection > 105 EID

50
) was revealed 

when the assay was tested on class I viruses.38 It has been 
recently demonstrated that also within class II APMV-1 
viruses, the M gene is not truly highly conserved and false 
negatives occurred in case of outbreak investigations or rou-
tine surveillance in poultry using the USDA-validated real-
time RT-PCR assay targeting the M gene.25,26 In this case, 
mismatches occurred in regions targeted by both the primers 
and the probe but mismatches in the primers were well toler-
ated, similar to what has been described for the F gene.39,57 In 
contrast, the number and position of the probe’s mismatches 
were the cause of the false-negative results, therefore the 
probe was shortened and modified through the introduction 
of degeneracies and LNA.25

Alternative applications of molecular assays 
for APMV-1

The capability of the PCR-based tests to reveal the presence 
of a pathogen regardless of its viability offered the opportu-
nity to expand the applicability of protocols aiming to 
detect APMV-1 genome to samples where viral infectivity 
is supposed to be abolished, such as inactivated vaccines 
and formalin-fixed tissues. A previous study107 described the 
development and the application of a RT-PCR protocol aim-
ing to reveal contamination with ND viruses in inactivated 
poultry vaccines.

One of the main limiting factor of conducting PCR tests 
using inactivated vaccines as original material is the low 
amount and/or poor quality of target nucleic acid obtained 
during the phase of extraction. This is mainly due to the diluted 
antigen suspended in the vaccine formulation, the presence of 
mineral oil used as adjuvant, and the treatment with viral inac-
tivating chemicals, which degrade viral RNA. Interestingly, 
in a 1995 study,107 the pre-amplification phase consisted of a 
very simple treatment of the sample, and a true RNA extrac-
tion phase was not applied. The sensitivity of the RT-PCR 
method applied allowed the detection of 5 × 102 EID

50
 (in live 

vaccine preparations) and 105 EID
50

 or 0.056 HA units of 
NDV (in inactivated preparations). Considering the vaccine 
content of one vaccine dose, which is 106 and 108 EID

50
 in 

live and inactivated vaccines, respectively, the sensitivity of 
the method was considered to be sufficient by the authors.107 In 
this study, beta-propiolactone concentrations between 0.025% 
and 0.1% commonly used in the manufacturing process of 
vaccines did not interfere with the RNA detection.

The treatment with formalin or other fixatives, use of par-
affin, and the prolonged storage of tissue samples prepared 
for histopathological examination also negatively affect the 
quality of the RNA, thus the final result of PCR assays applied 
on this type of specimens. However, a semi-nested RT-PCR 
was developed targeting the NDV M gene and applied on 35 mg 
of deparaffinized tissue.118 The performances of this method 
were compared to the results obtained by the application of 
IHC and ISH on samples collected in experimentally infected 
chickens. Although the successful and sensitive amplification 
in formalin-fixed, paraffin-embedded (FFPE) tissues was 
successfully demonstrated, the authors described some limi-
tation of this technique applied on this type of specimen. 
Tissues should be fixed rapidly postmortem to reduce RNA 
degradation, and subsequent processing into paraffin should 
not be delayed because prolonged fixation in formalin can 
alter the targeted RNA.118

A safe way to ship and store inactivated viruses could be 
represented by the Flinders Technology Associates (FTA) 
filter papers, which consist of chemically treated filter papers 
originally developed for the collection and storage at room 
temperature of biological samples expected to be processed 
for DNA analysis. An additional potential advantage of this 
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technology is that the filters are supposed to inactivate patho-
gens, as demonstrated for mycoplasma and Infectious bron-
chitis virus (IBV).85,86 A previous study97 tested the use of 
FTA filter papers for the molecular detection of NDV iso-
lates in allantoic fluids demonstrating the ability of this system 
to inactivate the lentogenic NDV strain tested (La Sota strain). 
Newcastle disease virus RNA was amplified even after 
30 days at room temperature, but the sensitivity of the method 
was relatively low, detecting 105.8 EID

50
 /ml at the lowest limit 

of detection. Tissue imprints on FTA filter papers of organs, 
but not tracheal or cloacal swabs collected in experimentally 
infected chickens, provided positive results, indicating that 
the system could be suitable for the virus detection in cases 
where high viral load is expected.

An alternative and interesting application of the real-time 
RT-PCR detection of APMV-1 was applied for environmental 
air sampling during the ND outbreak in California in 2003.45 
The experiment was conducted in 2 flocks composed of 3,000 
breeder chickens and 60,000 layers, respectively, using a com-
mercially available air-sampler paired with real-time RT-PCR 
targeting the F gene and virus isolation. The birds were reported 
to show nonspecific clinical signs, but no increased mortality 
for the 2 days prior to sampling. Viral RNA was detected 
after 2 hr of air sampling in both flocks. Although the tech-
nique needs some refinement, it appears applicable for rou-
tine surveillance or targeted detection of viral pathogens, and 
could be used in sale yards, shipping containers, and other 
environments characterized by high animal density.45

Molecular methods in the differential  
diagnosis of Newcastle disease

The development of multiplex assays. Differential 
diagnosis of ND is extremely important in case of acute dis-
eases and sudden death. The prompt recognition of highly 
contagious OIE notifiable diseases such as ND or AI and 
differentiation from other viral infections of poultry causing 
similar clinical signs, such as Gumboro disease (infectious 
bursal disease [IBD]) is essential for the implementation of 
appropriate control measures and to limit economic 
losses2,112,113 The RT-PCR–based assays were developed in 
order to test for the multiple presence of major poultry viral 
pathogens directly in clinical specimens, in principle limiting 
the cost of the analysis and reducing the turn-around time. 
The use of these tests could be particularly useful in diagnos-
tic laboratories with small to medium throughputs, and with 
limited staff and budget but having the basic equipment and 
facilities to conduct PCR tests.

In multiplex RT-PCR, the detection of APMV-1 RNA is 
commonly associated with the detection of AI genomes.27,36 
In addition, gel-based RT-PCR protocols for the detection of 
poultry respiratory pathogens, such as IBV, AI, and avian 
pneumoviruses, or other pathogens, such as IBD virus 
(IBDV), have been published.78,101

A microarray approach was also investigated for its appli-
cability in the multiple detection of poultry pathogens. A pro-
tocol aimed at differentiating between NDV and AI was 
developed, with the simultaneous identification of APMV-1 
pathotypes and H5 and H7 AI subtypes.122 More recently, a 
protocol based on asymmetric RT-PCR in combination with 
oligonucleotide microarrays has been developed for the detec-
tion of 4 poultry virus pathogens, namely NDV, IBDV, IBV, 
and AIV with the differentiation of H5, H7, H9, and N1, N2 
subtypes.112 Despite promising results, these protocols are still 
restricted to research purposes, and their extensive use during 
field surveillance or outbreak investigation remains to be 
evaluated.

The genetic variability of APMV-1 pushed investigators 
to consider the design of multiplex assays to embrace the wide 
genetic variety of the APMV-1 strains. A multiplex real-time 
RT-PCR was developed to detect a broad range of class I and 
II APMV-1 viruses59 targeting the polymerase (L) gene of 
class I strains coupled with an existing protocol targeting the 
M gene of the majority of class II strains.124 This duplexed 
format had a moderate decrease in sensitivity when compared 
to the single format,59 but information on its extensive use dur-
ing surveillance is not yet available. More recently, a duplex 
one-step RT-PCR targeting the F gene of class I and II 
APMV-1 viruses has been published.75 Using this assay, 
APMV-1 classes can be differentiated by the different size of 
the amplified products on agarose gel, and the pathotype can 
be determined by sequencing the RT-PCR product. As for the 
class I and II real-time RT-PCR protocol recently described,38 
this protocol has limited sensitivity (104 EID

50
/0.1 ml).

Conclusion

Newcastle disease is one of the most important animal dis-
eases in the world, both for the number of animals affected 
every year and for the severe economic impact on the poultry 
industry. Rapid and reliable detection and confirmation of 
ND is important to help limit economic losses and contain 
the disease.

Because NDV can cause a wide variety of disease presen-
tations, it is important to enhance the awareness of field per-
sonnel as well as utilizing the most efficient and accurate 
laboratory testing procedures. A thorough understanding of 
NDV pathology is important in order to recognize the disease 
in the field and to formulate a list of differential diagnoses. 
Laboratory testing is essential to confirm field suspicion, to 
characterize the virus, and to comply with international 
reporting requirements. In addition, the use of pathological 
investigation as a diagnostic tool coupled with the laboratory 
techniques of traditional virology and molecular biology can 
help to gather the “whole picture” and accurately characterize 
risk. It appears evident from the literature how the rapid detec-
tion, typing, and subtyping of NDV still remain laboratory 
challenges not only for the variety of disease presentations and 
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lesions, but also for the genetic variability of the strains 
involved. This variability perhaps represents the major limita-
tion in the validation and application of the current, advanced 
molecular techniques for NDV diagnosis. It also reminds 
diagnosticians of the importance of a multidisciplinary and 
comprehensive diagnostic approach, which should include, 
not only the new generation assays of the genomic era, but 
more traditional techniques such as histopathology, IHC, and 
virus isolation.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

References

 1. Abdul-Aziz TA, Arp LH: 1983, Pathology of the trachea in 
turkeys exposed by aerosol to lentogenic strains of Newcastle 
disease virus. Avian Dis 27:1002–1011.

 2. Aldous EW, Alexander DJ: 2001, Detection and differentia-
tion of Newcastle disease virus (avian paramyxovirus type 1). 
Avian Pathol 30:117–128.

 3. Aldous EW, Alexander DJ: 2008, Newcastle disease in pheas-
ants (Phasianus colchicus): a review. Vet J 175:181–185.

 4. Aldous EW, Collins MS, McGoldrick A, Alexander DJ: 
2001, Rapid pathotyping of Newcastle disease virus (NDV) 
using fluorogenic probes in a PCR assay. Vet Microbiol 80: 
201–212.

 5. Aldous EW, Mynn JK, Banks J, Alexander DJ: 2003, A 
molecular epidemiological study of avian paramyxovirus 
type 1 (Newcastle disease virus) isolates by phylogenetic 
analysis of a partial nucleotide sequence of the fusion protein 
gene. Avian Pathol 32:239–256.

 6. Alexander DJ: 1995, Newcastle disease in countries of the 
European Union. Avian Pathol 24:3–10.

 7. Alexander DJ: 1998, Newcastle disease and other avian para-
myxoviruses. In: A laboratory manual for the isolation, identifi-
cation and characterization of avian pathogens, ed. Swayne DE,  
Glisson JR, Jackwood MW, et al., 4th ed., pp. 156–163. 
American Association of Avian Pathologists, Kenneth 
Square, IA.

 8. Alexander DJ: 2001, Gordon Memorial Lecture. Newcastle 
disease. Br Poult Sci 42:5–22.

 9. Alexander DJ: 2003, Newcastle disease, other avian paramyxo-
viruses, and pneumovirus infection. In: Disease of poultry, ed. 
Shaif YM, Barnes HJ, Glisson JR, et al., 12th ed., pp. 75–100. 
Blackwell, Oxford, UK.

 10. Alexander DJ, Manvell RJ, Banks J, et al.: 1999, Experimen-
tal assessment of the pathogenicity of the Newcastle disease 
viruses from outbreaks in Great Britain in 1997 for chick-
ens and turkeys, and the protection afforded by vaccination. 
Avian Pathol 28:501–511.

 11. Alexander DJ, Parsons G: 1986, Protection of chickens 
against challenge with the variant virus responsible for New-
castle disease in 1984 by conventional vaccination. Vet Rec 118: 
176–177.

 12. Alexander DJ, Senne DA: 2008, Newcastle disease and other 
avian paramyxoviruses. In: A laboratory manual for the iso-
lation, identification and characterization of avian pathogens, 
ed. Dufour-Zavala L, Senne DA, Glisson JR, et al., 5th ed., 
pp. 135–141. American Association of Avian Pathologists, 
Athens, GA.

 13. Alexander DJ, Wilson GW, Thain JA, Lister SA: 1984, Avian 
paramyxovirus type 1 infection of racing pigeons: 3 epizootio-
logical considerations. Vet Rec 115:213–216.

 14. Al-Hilly JN, Khalil HH, Zakoo FI, Hamid AA: 1980, An out-
break of Newcastle disease in a pheasant flock in Iraq. Avian 
Pathol 9:583–585.

 15. Allison AB, Gottdenker NL, Stallknecht DE: 2005, Winter-
ing of neurotropic velogenic Newcastle disease virus and West 
Nile virus in double-crested cormorants (Phalacrocorax auri-
tus) from the Florida Keys. Avian Dis 49:292–297.

 16. Antal M, Farkas T, German P, et al.: 2007, Real-time reverse 
transcription-polymerase chain reaction detection of Newcastle 
disease virus using light upon extension fluorogenic primers.  
J Vet Diagn Invest 19:400–404.

 17. Banerjee M, Reed WM, Fitzgerald SD, Panigraphy B: 1994, 
Neurotropic velogenic Newcastle disease in cormorants in 
Michigan: pathology and virus characterization. Avian Dis 38: 
873–878.

 18. Barbezange C, Jestin V: 2002, Development of a RT-nested 
PCR test detecting pigeon Paramyxovirus-1 directly from 
organs of infected animals. J Virol Methods 106:197–207.

 19. Bhaiyat MI, Ochiai K, Itakura C, et al.: 1994, Brain lesions 
in young broiler chickens naturally infected with a mesogenic 
strain of Newcastle disease virus. Avian Pathol 23:693–708.

 20. Box PG, Helliwell BI, Halliwell PH: 1970, Newcastle disease 
in turkeys. Determination of the 50 per cent. Lethal dose of 
the Herts (1933) Weybridge strain of Newcastle disease virus 
and the potency of B.P.L. inactivated Newcastle disease vac-
cine in turkeys. Vet Rec 86:524–527.

 21. Brown C: 1998, In situ hybridization with riboprobes: an over-
view for veterinary pathologists. Vet Pathol 35:159–167.

 22. Brown C, King DJ, Seal B: 1999, Detection of a macrophage-
specific antigen and the production of interferon gamma in 
chickens infected with Newcastle disease virus. Avian Dis 
43:696–703.

 23. Brown C, King DJ, Seal BS: 1999, Pathogenesis of Newcastle 
disease in chickens experimentally infected with viruses of 
different virulence. Vet Pathol 36:125–132.

 24. Camenisch G, Bandli R, Hoop R: 2008, Monitoring of wild 
birds for Newcastle disease virus in Switzerland using real-
time RT-PCR. J Wildl Dis 44:772–776.

 25. Cattoli G, De Battisti C, Marciano S, et al.: 2009, False- 
negative results of a validated real-time PCR protocol for 
diagnosis of Newcastle disease due to genetic variability of 
the matrix gene. J Clin Microbiol 47:3791–3792.



 Newcastle disease 653

 26. Cattoli G, Fusaro A, Monne I, et al.: 2010, Emergence of a 
new genetic lineage of Newcastle disease virus in West and 
Central Africa—implications for diagnosis and control. Vet 
Microbiol 142:168–176.

 27. Chen HT, Zhang J, Sun DH, et al.: 2008, Rapid discrimina-
tion of H5 and H9 subtypes of avian influenza viruses and 
Newcastle disease virus by multiplex RT-PCR. Vet Res Com-
mun 32:491–498.

 28. Collins MS, Govey SJ, Alexander DJ: 2003, Rapid in vitro 
assessment of the virulence of Newcastle disease virus 
isolates using the ligase chain reaction. Arch Virol 148: 
1851–1862.

 29. Creelan JL, Graham DA, McCullough SJ: 2002, Detection 
and differentiation of pathogenicity of avian paramyxo-
virus serotype 1 from field cases using one-step reverse 
transcriptase-polymerase chain reaction. Avian Pathol 31: 
493–499.

 30. Crespo R, Shivaprasad HL, Woolcock PR, et al.: 1999, Exotic 
Newcastle disease in a game chicken flock. Avian Dis 43: 
349–355.

 31. Czegledi A, Ujvari D, Somogyi E, et al.: 2006, Third genome 
size category of avian paramyxovirus serotype 1 (Newcas-
tle disease virus) and evolutionary implications. Virus Res 
120:36–48.

 32. De Leeuw OS, Koch G, Hartog L, et al.: 2005, Virulence of 
Newcastle disease virus is determined by the cleavage site of 
the fusion protein and by both the stem region and globular 
head of the haemagglutinin-neuraminidase protein. J Gen 
Virol 86:1759–1769.

 33. El Tayeb AB, Hanson RP: 2002, Interactions between Esch-
erichia coli and Newcastle disease virus in chickens. Avian 
Dis 46:660–667.

 34. Erickson GA, Brugh M, Beard CW: 1980, Viscerotropic velo-
genic Newcastle-disease in pigeons—clinical-disease and 
immunization. Avian Dis 24:257–267.

 35. Erickson GA, Mare CJ, Gustafson GA, et al.: 1977, Interac-
tions between viscerotropic velogenic Newcastle-disease virus 
and pet birds of 6 species. 1: Clinical and serologic responses, 
and viral excretion. Avian Dis 21:642–654.

 36. Farkas T, Antal M, Sami L, et al.: 2007, Rapid and simultane-
ous detection of avian influenza and Newcastle disease viruses 
by duplex polymerase chain reaction assay. Zoonoses Public 
Health 54:38–43.

 37. Fratnik Steyer A, Rojs OZ, Krapez U, et al.: 2010, A diagnostic 
method based on MGB probes for rapid detection and simul-
taneous differentiation between virulent and vaccine strains of 
avian paramyxovirus type 1. J Virol Methods 166:28–36.

 38. Fuller CM, Brodd L, Irvine RM, et al.: 2010, Development 
of an L gene real-time reverse-transcription PCR assay for 
the detection of avian paramyxovirus type 1 RNA in clinical 
samples. Arch Virol 155:817–823.

 39. Fuller CM, Collins MS, Alexander DJ: 2009, Development 
of a real-time reverse-transcription PCR for the detection and 
simultaneous pathotyping of Newcastle disease virus isolates 
using a novel probe. Arch Virol 154:929–937.

 40. Glickman RL, Syddall RJ, Iorio RM, et al.: 1988, Quantitative 
basic residue requirements in the cleavage-activation site of 
the fusion glycoprotein as a determinant of virulence for New-
castle disease virus. J Virol 62:354–356.

 41. Gohm DS, Thur B, Hofmann MA: 2000, Detection of New-
castle disease virus in organs and faeces of experimentally 
infected chickens using RT-PCR. Avian Pathol 29:143–152.

 42. Gross WB: 1963, Respiratory tract pathology of the B1 strain 
of Newcastle disease in chickens. Avian Dis 7:417–422.

 43. Hamid H, Campbell RS, Lamichhane C: 1990, The pathology 
of infection of chickens with the lentogenic V4 strain of 
Newcastle disease virus. Avian Pathol 19:687–696.

 44. Herczeg J, Wehmann E, Bragg RR, et al.: 1999, Two novel 
genetic groups (VIIb and VIII) responsible for recent Newcas-
tle disease outbreaks in Southern Africa, one (VIIb) of which 
reached Southern Europe. Arch Virol 144:2087–2099.

 45. Hietala SK, Hullinger PJ, Crossley BM, et al.: 2005, Environ-
mental air sampling to detect exotic Newcastle disease virus in 
two California commercial poultry flocks. J Vet Diagn Invest 
17:198–200.

 46. Higgins DA: 1971, Nine disease outbreaks associated with 
myxoviruses among ducks in Hong Kong. Trop Anim Health 
Prod 3:232–240.

 47. Hooper PT, Hansson E, Young JG, et al.: 1999, Lesions in the 
upper respiratory tract in chickens experimentally infected 
with Newcastle disease viruses isolated in Australia. Aust Vet 
J 77:50–51.

 48. Hooper PT, Russell GM, Morrow CJ, Segal Y: 1999, Lento-
genic Newcastle disease virus and respiratory disease in Aus-
tralian broiler chickens. Aust Vet J 77:53–54.

 49. Hooper PT, Russell GM, Selleck PW, et al.: 1999, Immunohis-
tochemistry in the identification of a number of new diseases 
in Australia. Vet Microbiol 68:89–93.

 50. Huang Y, Wan HQ, Liu HQ, et al.: 2004, Genomic sequence of 
an isolate of Newcastle disease virus isolated from an outbreak 
in geese: a novel six nucleotide insertion in the non-coding 
region of the nucleoprotein gene. Arch Virol 149:1445–1457.

 51. Jareckiblack JC, King DJ: 1993, An oligonucleotide probe 
that distinguishes isolates of low virulence from the more 
pathogenic strains of Newcastle-disease virus. Avian Dis 37: 
724–730.

 52. Jestin V, Jestin A: 1991, Detection of Newcastle disease virus 
RNA in infected allantoic fluids by in vitro enzymatic amplifi-
cation (PCR). Arch Virol 118:151–161.

 53. Jinding C, Ming L, Tao R, Chaoan X: 2005, A goose-sourced 
paramyxovirus isolated from southern China. Avian Dis 49: 
170–173.

 54. Jurinke C, vandenBoom D, Jacob A, et al.: 1996, Analysis of 
ligase chain reaction products via matrix-assisted laser desorp-
tion/ ionization time-of-flight-mass spectrometry. Anal Bio-
chem 237:174–181.

 55. Kant A, Koch G, Van Roozelaar DJ, et al.: 1997, Differentia-
tion of virulent and non-virulent strains of Newcastle disease 
virus within 24 hours by polymerase chain reaction. Avian 
Pathol 26:837–849.



654 Cattoli et al.

 56. Kho CL, Mohd-Azmi ML, Arshad SS, Yusoff K: 2000, Perfor-
mance of an RT-nested PCR ELISA for detection of Newcastle 
disease virus. J Virol Methods 86:71–83.

 57. Kim LM, Afonso CL, Suarez DL: 2006, Effect of probe-site 
mismatches on detection of virulent Newcastle disease viruses 
using a fusion-gene real-time reverse transcription polymerase 
chain reaction test. J Vet Diagn Invest 18:519–528.

 58. Kim LM, King DJ, Curry PE, et al.: 2007, Phylogenetic 
diversity among low-virulence Newcastle disease viruses 
from waterfowl and shorebirds and comparison of genotype 
distributions to those of poultry-origin isolates. J Virol 81: 
12641–12653.

 59. Kim LM, Suarez DL, Afonso CL: 2008, Detection of a broad 
range of class I and II Newcastle disease viruses using a multi-
plex real-time reverse transcription polymerase chain reaction 
assay. J Vet Diagn Invest 20:414–425.

 60. Kinde H, Hullinger PJ, Charlton B, et al.: 2005, The isolation 
of exotic Newcastle disease (END) virus from nonpoultry 
avian species associated with the epidemic of END in chick-
ens in southern California: 2002–2003. Avian Dis 49:195–
198.

 61. King DJ: 1996, Avian paramyxovirus type 1 from pigeons: 
isolate characterization and pathogenicity after chicken or 
embryo passage of selected isolates. Avian Dis 40:707–714.

 62. King DJ: 1996, Influence of chicken breed on pathogenic-
ity evaluation of velogenic neurotropic Newcastle disease 
virus isolates from cormorants and turkeys. Avian Dis 40: 
210–217.

 63. Kommers GD, King DJ, Seal BS, Brown CC: 2001, Virulence 
of pigeon-origin Newcastle disease virus isolates for domestic 
chickens. Avian Dis 45:906–921.

 64. Kommers GD, King DJ, Seal BS, Brown CC: 2003, Patho-
genesis of chicken-passaged Newcastle disease viruses iso-
lated from chickens and wild and exotic birds. Avian Dis 
47:319–329.

 65. Kommers GD, King DJ, Seal BS, Brown CC: 2003, Virulence 
of six heterogeneous-origin Newcastle disease virus isolates 
before and after sequential passages in domestic chickens. 
Avian Pathol 32:81–93.

 66. Kommers GD, King DJ, Seal BS, et al.: 2002, Pathogenesis 
of six pigeon-origin isolates of Newcastle disease virus for 
domestic chickens. Vet Pathol 39:353–362.

 67. Kong LC, Ren T, Ao YH, et al.: 2007, Multiplex RT-PCR for 
virulence detection and differentiation between Newcastle dis-
ease virus and goose-origin APVM-1. Avian Dis 51:668–673.

 68. Kotani T, Odagiri Y, Nakamura J, Horiuchi T: 1987, Pathological 
changes of tracheal mucosa in chickens infected with lentogenic 
Newcastle disease virus. Avian Dis 31:491–497.

 69. Kouwenhoven: 1993, Newcastle disease. In: Virus infection of 
birds, ed. McFerran JB, McNulty MS, pp. 341–361. Elsevier 
Science, Amsterdam, The Netherlands.

 70. Kuiken T, Heckert RA, Riva J, et al.: 1998, Excretion of patho-
genic Newcastle disease virus by double-crested cormorants 
(Phalacrocorax auritus) in absence of mortality or clinical 
signs of disease. Avian Pathol 27:541–546.

 71. Lamb R, Collins PL, Kolakofsky D, et al.: 2005, The nega-
tive sense single stranded RNA viruses. In: Virus taxonomy, 
ed. Fauquet CM, Mayo MA, Maniloff J, et al., pp. 607–738. 
Elsevier Academic, San Diego, CA.

 72. Li Q, Xue C, Qin J, et al.: 2009, An improved reverse tran-
scription loop-mediated isothermal amplification assay for 
sensitive and specific detection of Newcastle disease virus. 
Arch Virol 154:1433–1440.

 73. Lister SA, Alexander DJ, Hogg RA: 1986, Evidence for the 
presence of avian paramyxovirus type 1 in feral pigeons in 
England and Wales. Vet Rec 118:476–479.

 74. Liu H, Wang Z, Wang Y, et al.: 2008, Characterization of 
Newcastle disease virus isolated from waterfowl in China. 
Avian Dis 52:150–155.

 75. Liu H, Zhao Y, Zheng D, et al.: 2010, Multiplex RT-PCR for 
rapid detection and differentiation of class I and class II New-
castle disease viruses. J Virol Methods. Epub ahead of print.

 76. Lockaby SB, Hoerr FJ, Ellis AC, Yu MS: 1993, Immunohis-
tochemical detection of Newcastle disease virus in chickens. 
Avian Dis 37:433–437.

 77. Lomniczi B: 1975, Thermostability of Newcastle disease virus 
strains of different virulence. Arch Virol 47:249–255.

 78. Malik YS, Patnayak DP, Goyal SM: 2004, Detection of three 
avian respiratory viruses by single-tube multiplex reverse 
transcription-polymerase chain reaction assay. J Vet Diagn 
Invest 16:244–248.

 79. Marlier D, Vindevogel H: 2006, Viral infections in pigeons. Vet 
J 172:40–51.

 80. Mast J, Nanbru C, van den Berg T, Meulemans G: 2005, Ultra-
structural changes of the tracheal epithelium after vaccination 
of day-old chickens with the La Sota strain of Newcastle dis-
ease virus. Vet Pathol 42:559–565.

 81. McDaniel HA, Orsborn JS Jr: 1973, Diagnosis of velogenic 
viscerotropic Newcastle disease. J Am Vet Med Assoc 163: 
1075–1079.

 82. Mebatsion T, Verstegen S, De Vaan LT, et al.: 2001, A recombi-
nant Newcastle disease virus with low-level V protein expression 
is immunogenic and lacks pathogenicity for chicken embryos. 
J Virol 75:420–428.

 83. Miller PJ, Decanini EL, Afonso CL: 2010, Newcastle disease: 
evolution of genotypes and the related diagnostic challenges. 
Infect Genet Evol 10:26–35.

 84. Miller PJ, Estevez C, Yu Q, et al.: 2009, Comparison of viral 
shedding following vaccination with inactivated and live 
Newcastle disease vaccines formulated with wild-type and 
recombinant viruses. Avian Dis 53:39–49.

 85. Moscoso H, Raybon EO, Thayer SG, Hofacre CL: 2005, 
Molecular detection and serotyping of infectious bronchitis 
virus from FTA (R) filter paper. Avian Dis 49:24–29.

 86. Moscoso H, Thayer SG, Hofacre CL, Meven SH: 2004, Inacti-
vation, storage, and PCR detection of mycoplasma on FTA (R) 
filter paper. Avian Dis 48:841–850.

 87. Nakamura K, Ohta Y, Abe Y, et al.: 2004, Pathogenesis 
of conjunctivitis caused by Newcastle disease viruses in  
specific-pathogen-free chickens. Avian Pathol 33:371–376.



 Newcastle disease 655

 88. Nakamura K, Ohtsu N, Nakamura T, et al.: 2008, Pathologic 
and immunohistochemical studies of Newcastle disease (ND) in 
broiler chickens vaccinated with ND: severe nonpurulent enceph-
alitis and necrotizing pancreatitis. Vet Pathol 45:928–933.

 89. Nakamura K, Ueda H, Tanimura T, Noguchi K: 1994, Effect of 
mixed live vaccine (Newcastle disease and infectious bronchitis) 
and Mycoplasma gallisepticum on the chicken respiratory tract 
and on Escherichia coli infection. J Comp Pathol 111:33–42.

 90. Nanthakumar T, Kataria RS, Tiwari AK, et al.: 2000, Pathotyp-
ing of Newcastle disease viruses by RT-PCR and restriction 
enzyme analysis. Vet Res Commun 24:275–286.

 91. Nishizawa M, Paulillo AC, Nakaghi LSO, et al.: 2007, New-
castle disease in white Pekin ducks: response to experimental 
vaccination and challenge. Braz J Poult Sci 9:123–125.

 92. Oberdorfer A, Werner O: 1998, Newcastle disease virus: 
detection and characterization by PCR of recent German iso-
lates differing in pathogenicity. Avian Pathol 27:237–243.

 93. Oldoni I, Brown CC, King DJ, et al.: 2005, The use of in situ 
hybridization and immunohistochemistry to study the pathogen-
esis of various Newcastle disease virus strains and recombinants 
in embryonated chicken eggs. Microb Pathog 39:69–75.

 94. Otim Onapa M, Christensen H, Mukiibi GM, Bisgaard M: 
2006, A preliminary study of the role of ducks in the transmis-
sion of Newcastle disease virus to in-contact rural free-range 
chickens. Trop Anim Health Prod 38:285–289.

 95. Panigrahy B, Senne DA, Pearson JE, et al.: 1993, Occurrence 
of velogenic viscerotropic Newcastle disease in pet and exotic 
birds in 1991. Avian Dis 37:254–258.

 96. Pearson JE, Senne DA, Alexander DJ, et al.: 1987, Character-
ization of Newcastle disease virus (avian paramyxovirus-1) iso-
lated from pigeons. Avian Dis 31:105–111.

 97. Perozo F, Villegas P, Estevez C, et al.: 2006, Use of FTA filter 
paper for the molecular detection of Newcastle disease virus. 
Avian Pathol 35:93–98.

 98. Pham HM, Konnai S, Usui T, et al.: 2005, Rapid detection and 
differentiation of Newcastle disease virus by real-time PCR 
with melting-curve analysis. Arch Virol 150:2429–2438.

 99. Pham HM, Nakajima C, Ohashi K, Onuma M: 2005, Loop-
mediated isothermal amplification for rapid detection of 
Newcastle disease virus. J Clin Microbiol 43:1646–1650.

 100. Piacenti AM, King DJ, Seal BS, et al.: 2006, Pathogenesis of 
Newcastle disease in commercial and specific pathogen-free 
turkeys experimentally infected with isolates of different viru-
lence. Vet Pathol 43:168–178.

 101. Rashid S, Naeem K, Ahmed Z, et al.: 2009, Multiplex poly-
merase chain reaction for the detection and differentiation of 
avian influenza viruses and other poultry respiratory pathogens. 
Poult Sci 88:2526–2531.

 102. Roy P, Venugopalan AT, Selvarangam R, Ramaswamy V: 
1998, Velogenic Newcastle disease virus in captive wild birds. 
Trop Anim Health Prod 30:299–303.

 103. Rue CA, Susta L, Brown CC, et al.: 2010, Evolutionary 
changes affecting rapid identification of 2008 Newcastle dis-
ease viruses isolated from double-crested cormorants. J Clin 
Microbiol 48:2440–2448.

 104. Russell PH, Alexander DJ: 1983, Antigenic variation of New-
castle disease virus strains detected by monoclonal antibodies. 
Arch Virol 75:243–253.

 105. Seal BS, King DJ, Bennett JD: 1995, Characterization of 
Newcastle-disease virus isolates by reverse transcription PCR 
coupled to direct nucleotide sequencing and development of 
sequence database for pathotype prediction and molecular epi-
demiologic analysis. J Clin Microbiol 33:2624–2630.

 106. Seal BS, King DJ, Meinersmann RJ: 2000, Molecular evolu-
tion of the Newcastle disease virus matrix protein gene and 
phylogenetic relationships among the Paramyxoviridae. Virus 
Res 66:1–11.

 107. Stauber N, Brechtbuhl K, Bruckner L, Hofmann MA: 1995, 
Detection of Newcastle disease virus in poultry vaccines using 
the polymerase chain reaction and direct sequencing of ampli-
fied cDNA. Vaccine 13:360–364.

 108. Stevens JG, Nakamura RM, Cook ML, Wilczynski SP: 1976, 
Newcastle-disease as a model for paramyxo-virus-induced 
neurological syndromes—pathogenesis of respiratory-disease 
and preliminary characterization of ensuing encephalitis. 
Infect Immun 13:590–599.

 109. Susta L, Miller P, Afonso C, Brown C: 2010, Clinicopatholog-
ical characterization in poultry of three strains of Newcastle 
disease virus isolated from recent outbreaks. Vet Pathol. Epub 
ahead of print.

 110. Susta L, Miller P, Afonso CL, et al.: 2010, Pathogenicity 
evaluation of different Newcastle disease virus chimeras in 
4-week-old chickens. Trop Anim Health Prod. 42:1785–1795.

 111. Tan SW, Ideris A, Omar AR, et al.: 2009, Detection and dif-
ferentiation of velogenic and lentogenic Newcastle disease 
viruses using SYBR Green I real-time PCR with nucleocapsid 
gene-specific primers. J Virol Methods 160:149–156.

 112. Tao Q, Wang X, Bao H, et al.: 2009, Detection and differ-
entiation of four poultry diseases using asymmetric reverse 
transcription polymerase chain reaction in combination 
with oligonucleotide microarrays. J Vet Diagn Invest 21: 
623–632.

 113. Terregino C, Capua I: 2009, Conventional diagnosis of New-
castle disease virus infection. In: Avian influenza and Newcas-
tle disease, ed. Capua I, Alexander DJ, pp. 123–125. Springer 
Milan, Milan, Italy.

 114. Toyoda T, Sakaguchi T, Imai K, et al.: 1987, Structural com-
parison of the cleavage-activation site of the fusion glycopro-
tein between virulent and avirulent strains of Newcastle disease 
virus. Virology 158:242–247.

 115. Utterback WW, Schwartz JH: 1973, Epizootiology of velo-
genic viscerotropic Newcastle disease in southern California, 
1971–1973. J Am Vet Med Assoc 163:1080–1088.

 116. Vindevogel H aJPD: 1988, Panzootic Newcastle disease virus 
in pigeon. In: Newcastle disease, ed. Alexander DJ, pp. 184–
196. Kluwer Academic, Boston, MA.

 117. Wakamatsu N, King DJ, Kapczynski DR, et al.: 2006, Experi-
mental pathogenesis for chickens, turkeys, and pigeons of 
exotic Newcastle disease virus from an outbreak in California 
during 2002–2003. Vet Pathol 43:925–933.



656 Cattoli et al.

 118. Wakamatsu N, King DJ, Seal BS, Brown CC: 2007, Detection 
of Newcastle disease virus RNA by reverse transcription-
polymerase chain reaction using formalin-fixed, paraffin-
embedded tissue and comparison with immunohistochemistry 
and in situ hybridization. J Vet Diagn Invest 19:396–400.

 119. Wakamatsu N, King DJ, Seal BS, et al.: 2006, The effect on 
pathogenesis of Newcastle disease virus La Sota strain from 
a mutation of the fusion cleavage site to a virulent sequence. 
Avian Dis 50:483–488.

 120. Wakamatsu N, King DJ, Seal BS, et al.: 2006, The pathogen-
esis of Newcastle disease: a comparison of selected Newcastle 
disease virus wild-type strains and their infectious clones. 
Virology 353:333–343.

 121. Wan H, Chen L, Wu L, Liu X: 2004, Newcastle disease in 
geese: natural occurrence and experimental infection. Avian 
Pathol 33:216–221.

 122. Wang LC, Pan CH, Severinghaus LL, et al.: 2008, Simulta-
neous detection and differentiation of Newcastle disease and 

avian influenza viruses using oligonucleotide microarrays. Vet 
Microbiol 127:217–226.

 123. Wilczynski SP, Cook ML, Stevens JG: 1977, Newcastle dis-
ease as a model for paramyxovirus-induced neurologic syn-
dromes. II: Detailed characterization of the encephalitis. Am J 
Pathol 89:649–666.

 124. Wise MG, Suarez DL, Seal BS, et al.: 2004, Development of a real-
time reverse-transcription PCR for detection of Newcastle disease 
virus RNA in clinical samples. J Clin Microbiol 42:329–338.

 125. World Organization for Animal Health (OIE): 2008, Chapter 
2.3.14 In: Manual of diagnostic tests and vaccines for terres-
trial animals, 6th ed., pp. 576–589. OIE, Paris, France.

 126. Zanetti F, Mattiello R, Garbino C, et al.: 2001, Biological and 
molecular characterization of a pigeon paramyxovirus type-1 
isolate found in Argentina. Avian Dis 45:567–571.

 127. Zou J, Shan S, Yao N, Gong Z: 2005, Complete genome 
sequence and biological characterizations of a novel goose 
paramyxovirus-SF02 isolated in China. Virus Genes 30:13–21.

View publication stats

https://www.researchgate.net/publication/51639757

