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ARTICLE INFO ABSTRACT

The great advance in the field of diagnosis of avian viruses is reflecting the highly sophisticated molecular assays
of the human and general virology in providing highly sensitive and fast methods of diagnosis. The present
review will discuss the biotic factors and the complexities that became evident with the evolution of the novel
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To create a biologically meaningful diagnosis, attention should be dedicated to various biotic factors and not
only of the diagnostic assay. Included among the important factors are, (a) the sample examined and the
sampling strategy, (b) the outcomes of the pathogen amplification ex vivo, (c) the sampling time and its re-
flection on the disease diagnosis, (d) the impact of simultaneous multiple virus-infections regarding the ability to
demonstrate all pathogens and inter- and intra-interactions between the pathogens. A concerted consideration of
the relevant factors and the use of advanced molecular diagnostic assay would yield biologically significant

Multiple-Virus infection

diagnosis in real-time that would beneficiate the poultry industry.

1. Introduction

An enormous progress occurred in the field of diagnosis of avian
viruses during the last two decades. The transition from classical
methods to the era of molecular biology was exponential in the crea-
tivity of new assays that were based on revolutionary technologies. The
novel molecular assays offered numerous advantages as compared to
the former approaches, mainly in shortening the time required to obtain
the results, but also in the sensitivity of virus detection. However, with
the switch to fast and sensitive diagnostic assays various factors have to
be taken into account to obtain a biologically significant diagnosis. The
present review will expose several aspects that deserve specific con-
sideration in the diagnosis of avian viruses by molecular assays.

Beginning from the year 1970, with the discovery of cell culture,
many avian viruses were grown in vitro. In comparison with the use of
eggs and animals, virus growth in cell culture became more convenient
and cost effective. This method is considered gold standard for virus
isolation and identification. Classical approaches for the detection and
diagnosis of avian viruses were based on their replication in embryo-
nated eggs, their cultivation in cell-cultures, and their ability to hae-
magglutinate red blood cells. Afterwards, the avian virus specific de-
tection was facilitated by morphological alterations of the developing
embryo, by haemagglutination inhibition of virus by specific
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antibodies, antibody detection in sera by ELISA, immunofluorescence
and by other serological assays (Williams, 2016). These assays were
based on the virus ability to replicate in experimental systems. The
secondary amplification system might differ from the virus natural
milieu, the chicken body, and might lead to artifactual outcomes, as
will be discussed in the present review. The development of the re-
volutionary concept of demonstrating the pathogen nuclei acid by
various assays brought a new era in the development of novel diag-
nostic assay, however with certain advantages and disadvantages. The
latest molecular diagnostic technologies are more advantageous as they
offer more sensitive, less time consuming and high throughput results.
The novel technologies include the polymerase chain reaction (PCR),
Reverse Transcriptase PCR (RT-PCR), real-time PCR (qPCR), DNA
probe, nucleic acid sequencing etc.. Nowadays, no diagnostic area
cannot be imagined without molecular amplification assays. As a result,
at the time of writing this review article, a PubMed search of “diagnosis
of avian viruses by PCR” resulted in 721,000 hits, including all avian
viruses and various combinations of assays. As it is impossible to cover
the field, so in that review will mainly describe the process of in-
corporating the molecular amplification for the detection of avian on-
cogenic viruses.

Recently Shojaei et al. (2015) and Astill et al. (2018) described
novel methodologies developed to detect rapidly avian viruses, such as
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biosensors, wearable poultry sensors, and noninvasive non-contact
analysis mechanisms, such as a vocalization analysis and various ima-
ging techniques. The specificity and speed that the biosensor diagnostic
technologies presented are promising. However, the availability of
these sophisticated means of diagnosis requires professional input and
consideration in order to obtain meaningful findings. In addition to
providing data to producers on animal health status in real-time, these
detection methods are beneficial as they decrease the need for humans
employed in monitoring of poultry houses, thereby decreasing the
chance for introduction of infectious agents into poultry flocks and
exposure to zoonotic pathogens.

The present review will highlight several biotic factors and com-
plexities, as well as the consequent approaches that were taken re-
garding avian viruses, in view with the evolution of the diagnostic as-
says. Concomitantly with the development of the new methods, the
concept of diagnostic sampling evolved based on experiences gained
from the diagnosis of commercial poultry by molecular assays. In ad-
dition, complexities that might be considered with the transition of
poultry virus diagnosis towards advanced assays will be critically re-
viewed. The concepts conferred in the present review will be illustrated
mainly by the studies on three avian vaccine viruses, Marek’s disease
(MDV) (Schat and Nair, 2013), (Family: Herpesviridae, Subfamily: Al-
phaherpesviridae, Genus: Mardivirus, Species: gallid herpesvirus 2, GaHV-
2, ICVT, 2017) chicken anemia (CAV) (family Circoviridae, genus Gy-
rovirus) (Schat and Van Santen, 2013), Infectious Laryngotracheitis
(ILTV) (Garcia et al., 2013), (Family: Herpesviridae, Subfamily: Alpha-
herpesviridae, Genus:Iltovirus, Species: Infectious Laryngotracheitis virus)
and the turkey flavivirus, Turkey Meningoencephalitis Virus (TMEV)
(Iancunescu, 1976) (genus Flavivirus of the family Flaviviridae). How-
ever, diagnostic complexities of additional avian viruses will be dis-
cussed, such the poultry respiratory viruses, Avian Influenza (AIV)
(Swayne et al., 2013), (Infectious Bronchitis Newcastle disease (NDV)
(Miller and Koch, 2013) (Family: Paramyxoviridae, Subfamily: Avula-
viridae, Genus: Newcastle disease virus), Infectious Bronchitis (IBV)
(Jackwood and de Wit, 2013) (Family: Coronaviridae, Subfamily: Cor-
onavirinae, Genus:Gammacoronvirus, Species: Avian coronavirus), and
others.

Marek’s disease virus (MDV) (Schat and Nair, 2013) include 3 dis-
tinctive serotypes, affecting chickens and turkeys. Most MDV serotype 1
viruses are virulent, as they infect and transform T-lymphocytes. MDV-
1 induced clinical and sub-clinical infections such as neurological
symptoms, tumors and immunosuppression. The virus replicates in the
feather follicle epithelium and spreads horizontally in poultry house
with dust and dander. Major morbidity and mortality associated with
MDV-1 led to intensive effort during the 70" to develop vaccines. Since
then the disease is controlled worldwide by vaccination of day-old
chicks or 17-18 embryonic day embryos in ovo with live avirulent and
nononcogenic vaccine strains of the three serotypes. The serotype 1
MDV vaccine, denoted CVI988/Rispens (de Boer et al., 1986; Rispens
et al., 1972), developed from a naturally-attenuated MDV-1 strain, is
currently the most effective and widely used vaccine. The serotype 2
MDV vaccine (SB-1) (Schat and Calnek, 1978), also derived from a
chicken naturally avirulent isolate and serotype 3 vaccine, developed
from a herpesvirus of turkeys (HVT) (Okasaki et al., 1970) are also in
use.

CAV infections have serious economic impact on the poultry in-
dustry. The infection is manifested with evident disease or as a sub-
clinical infection and immunosuppression, reflecting negatively on
diseases caused by other pathogens, and affecting vaccination efficacies
(Schat and van Santen, 2013). In young chicks, the infection may dis-
play with various signs with various degrees of severity. These signs
include stunting, runting, increased mortality, anemia, bone marrow
cell depletion, subcutaneous hemorrhages and atrophy of secondary
lymphatic organs such as the thymus, bursa and spleen. These effects
are caused because of the multi-potent efficacy of CAV to infect stem
cells of both the hematopoietic and lymphocytes cell lineages in the
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bone marrow and thymus. Clinical signs do not appear always, and
sometime are barely evident, because of age-associated resistance and/
or immune system maturation. Infection of commercial chicken flocks
in Israel with CAV showed that CAV infection correlates with a decline
in productivity (Davidson et al., 2004a,b).

The herpesvirus ILTV causes severe respiratory disorder and latent
infections with concurrent reactivations due to stressful physiological
conditions through lifetime (Garcia et al., 2013). ILTV live vaccines are
administered via eye-drop, spray or drinking water. Alternatively, the
cloacal vent-application has been successfully practiced in Israel
(Samberg et al., 1971) until recently when ILTV vaccine administration
was changed to the drinking water route. Infectious laryngotracheitis
(ILT) is a respiratory disease of poultry caused by an alphaherpesvirus,
ILTV. The disease severity varied from mild to acute with mortality
rates that can vary and reach up to 70%, depending on the virulence of
the infecting virus. The milder form of ILT is manifested with nasal
discharges, conjunctivitis, and reduced egg production, whereas in se-
vere forms of ILT the clinical signs include gasping with efforts to in-
hale, coughing, excretion of bloody mucus, dyspnea up to suffocation
and fast mortality.

The turkey flavivirus TMEV causes an economically-important
neuroparalytic disease leading to paresis, in-coordination and drooping
wings. The TMEV-induced disease is controlled by vaccination with a
live attenuated virus (Iancunescu et al., 1975).

2. The diagnostic samples
2.1. Tissue selection

In contrast to the diagnosis of avian viruses by classical assays that
employed blood, plasma and tissue homogenates, the molecular diag-
nosis employed directly the target organ for the virus replication in vivo,
as a source for nucleic acid to demonstrate the virus presence.

In the case of the avian oncogenic viruses, the best sample are the
tumor-affected organs, or the lymphatic organs, which contain the
highest numbers of virus-transformed lymphocytes. With that concept,
the diagnostic PCR amplification of MDV, and the retroviruses re-
ticuloendotheliosis (REV) (Family:  Retroviridae, Subfamily:
Orthoretrovirinae, Genus, Gammaretrovirus, Species: Reticulendotheliosis
virus) and avian leucosis (ALV) (Family: Retroviridae, Subfamily:
Orthoretrovirinae, Genus, Alpharetrovirus, Species: Avian Leukosis virus)
was performed on DNA purified from spleen and liver of diseases
chickens (Davidson et al., 1995a,b). However, for the diagnosis of the
specific neurological manifestation in chicken infected with virulent
MDV in the early stages on infection, the transient paralysis, we en-
visaged that the affected chicken brain would contain a higher number
of virions than the blood and spleen, therefore, the brain was demon-
strated as the preferred site for MDV-DNA (Davidson et al., 1998). A
similar approach was engaged for the direct demonstration of the
turkey flavivirus in the brain tissue of paralysed turkeys (Davidson
et al., 2000). In the case of ILTV infection, where the ILTV target cells
for replication were the epithelium lining inside the trachea, often
causing exudates, the trachea content was initially used as the source
for DNA purification to amplify the ILTV from clinically-affected com-
mercial chickens (Davidson et al., 2009). avian

Another example would be the complex of avian respiratory viruses,
AV, NDV, avian pneumovirus (APMV) (Family: Paramyxoviridae,
Subfamily: Pneumovirinae, Genus: Metapneumovirus, Species: Avian me-
tapneumovirus) and the Turkey Rhinotracheitis virus (TRTV) (Swayne
et al., 2013; Miller and Koch, 2013) (Family: Paramyxoviridae, Sub-
family: Pneumovirinae, Genus: Metapneumovirus, Species: Turkey Rhino-
tracheitis virus). To demonstrate the presence of these viruses, direct
sampling from trachea and cloaca of suspected birds is performed using
dedicated swabs (Williams, 2016). However, for the collection of virus
isolates, their use in experimental infection trials and sequencing, the
respiratory viruses are further cultivated in embryonated eggs or in
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tissue cultures. As RNA viruses are mutating at a high rate upon each
replication cycle, drifts, namely 10~ *-10® mutations/ nucleotide/re-
plication cycle, (Duffy et al., 2008), ex vivo amplification causes de novo
genomic changes that were not reflect on the original isolate. Moreover,
in the case of AIV, genomic exchanges can occur between fragments,
shifts, leading often to the creation of new AIV strains (Swayne et al.,
2013).

We envisaged the possibility of using feathers for direct diagnosis
and research because their great advantages; sampling of feathers is
non-invasive, it is a relatively easy and convenient procedure, as
bleeding and necropsy could be avoided. In MDV research the feathers
were emphasized, since this is the only site where fully infectious
viruses are produced in the chicken. In fact, MDV was the first avian
virus described in the context of its presence in feathers and was ex-
tensively studied (Schat and Nair, 2013). As MDV became the prototype
avian virus which reside in the feather follicle epithelium and shafts,
the feather tips were incorporated for use in the diagnosis of commer-
cial flocks (Davidson and Borenshtain, 2002, 2003, Davidson and
Shkoda, 2005; Davidson, 2009a). Ralapanawe et al. (2016) studied
commercial layers demonstrating the MDV-1 in feathers and dust.
However, monitoring the virus presence in feathers illustrate more
accurately the current infection status than dust, because dust reflects
cumulatively all the birds in the poultry house over a prolonged time-
period. CAV detection in the feather tips was firstly reported in ex-
perimental infection trials (Davidson et al., 2008a,b), and then applied
for diagnosis (Davidson et al., 2013). The ILTV viremia could also be
demonstrated in the feather shafts of commercial ILTV-infected
chickens (Davidson et al., 2009c¢; Davidson et al., 2016). TMEV was the
first turkey virus that could be detected in the turkey feather shafts
(Davidson et al., 2017b)

The correlation between sampling feathers or pooled visceral organs
for the detection of MDV and for CAV in commercial flocks was ana-
lysed. We included samples submitted for diagnosis from various
poultry flocks and of various lines and ages. The DNA samples from
pooled organs and feathers of the same birds were amplified by real-
time PCR and plotted to verify the linear correlation between the am-
plification values obtained with the two samples. The samples ex-
amined for MDV presence originated from 86 flocks in which the am-
plification values obtained with organ and feather tip DNAs correlated
linearly at a high level of statistical significance (p < 0.001). The
samples examined for CAV presence originated from 95 flocks in which
the amplification values obtained with organ and feather tip DNAs also
correlated linearly at a high level of statistical significance (p < 0.001)
(Davidson I., unpublished).

The viremia stage of infection with additional viruses that spread
systemically could be traced by analysing feathers; the replication of
the highly pathogenic avian influenza was demonstrated in the feather
epithelium cells of call ducks through the natural infection route, and
these feathers could be used to create a re-infection of ducks, suggesting
that feathers could be a potential source of infection for unaffected
birds in nature (Yamamoto et al., 2007). Further, replication and ul-
trastructural changes of two strains of HSN1 AIV were verified in do-
mestic ducks and geese (Yamamoto et al., 2008).

The viscerotropic velogenic NDV, genotype VII was also detected by
RT gqPCR and immunohistochemistry, suggesting that feathers act as
sources of viral transmission. (Lee et al., 2016).

2.2. The sample size

The diagnosis accuracy of avian viruses depends on the sample size,
which in turn, determines the sensitivity and specificity of the virus
detection. A small sample size produces an imprecise estimate of ac-
curacy with wide confidence interval which is non-informative for de-
cision makers, while large sample size requires extensive resources.
Unfortunately, analyzing sample sizes did not attracted much attention,
especially when molecular diagnosis was employed. A special attention
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to the sample size has been focused in studies on human viruses, where
the number of person included has a great impact of the findings sig-
nificance (Hajian-Tilaki, 2014). Formula for sample size calculation in
case of individual humans or animals with regards to sensitivity and
specificity analysis. The tables were derived from formulation of sen-
sitivity and specificity test using Power Analysis and Sample Size
(PASS) software based on desired type I error, power and effect size
(Bujang and Adnan, 2016).

Most of the current diagnosis of avian viruses is performed by mo-
lecular assays which require very small amounts of nucleic acids. As the
required amounts can be purified from a small quantity of tissue, a
special attention has to be devoted to accurate representation of the
tissue. A common belief and practice is to prepare a small sample for
molecular analysis, even few cells, as only a minute nucleic acid
quantity is needed in molecular biology. However, to obtain a wide
dynamic range of the molecular diagnosis, it is recommended, there-
fore, to purify nucleic acids for molecular assays from a bigger sample,
and to use as much as needed for the use in the molecular assay.

For that reason the DNA purification for the diagnosis of avian
oncogenic viruses was performed from a pool of several sections of
frozen tissues of 3—4 birds (Davidson et al., 1995a,b). Since the diag-
nosis of commercial flocks is based on the amplification of both pooled
visceral organs and feathers, the tips of 2-3 feathers from each of 3-4
bird serve to create a pool for DNA purification. Moreover, when
feathers were sampled for determination of the vaccine application
efficacy, between 3-5 different birds were sampled and pooled each
time in order to create a wider diagnosis (Davidson et al., 2018a,b).

2.3. The sampling timing

The timing of sampling is important for the demonstration of the
virus presence. The experimental infection trials that are performed
according to the experimentally-established infection model provided
information about the kinetics of the poultry virus presence, in the
target organ of replication, or in the bloodstream, as viremia. For ex-
ample, the respiratory viruses AIV and NDV can be detected for about 5
and 10 days post-infection (Davidson et al., 2017a). Looking for virus
demonstration at a later time might be unsuccessful, depending on the
virus biology, virulence and kinetics of replication.

The particular infection form of latency or pseudo-latency might
also lead to difficulties to detect the infecting viruses. In these cir-
cumstances the infecting viruses are present in distinctively minute
amounts, at least until reactivation, as in the case of herpesviruses, like
ILTV (Guy et al., 1991; Hughes et al., 1991) and circoviruses, like CAV
(Miller et al., 2008). In commercial flocks the infection is not syn-
chronous, and the timing of sampling is dictated by the appearance of
clinical signs in conjunction to other factors. Inability to demonstrate
the infecting virus that mainly reflects the acute phase of infection and
is characterized by systemic viremia, unlike in the case of sub-clinical
infections, where the virus resides mostly latent in the target organs of
replication.

2.4. The nucleic acid purification

An essential attention should be dedicated to the methods of nucleic
acid purification directly from the origin bird organs, without further
virus amplification in ex vivo systems. In spite of the enzymatic am-
plification advantages, the PCR assays are highly affected by inhibitory
compounds that might hinder the real outcomes. Several compounds
are recognized to inhibit the PCR, such as: hemoglobin, urea, heparin,
organic or phenolic compounds, glycogen, fats, Ca®>* ions, laboratory
gloves powder, and also various effects characteristic of various tissues,
such as proteolytic enzymes that are abundant in faeces. To avoid the
inclusion of such compounds in the analytical samples the nucleic acid
purification has to avoid their inclusion. While in former years the
phenol/chloroform nucleic acid purification methods were manually
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performed, in the last years commercial purification kits are available.
However, the users have to be extremely careful to select the most fitted
purification kit for their needs.

For example, the avian system offers a unique example for the
complexity of DNA purification from various clinical samples, and the
inapplicable automatic use of the same purification methods. The
poultry virology provides two distinctive examples for particular at-
tention: (a) the DNA purification from avian red blood cells that contain
nuclei, is a challenge as compared to the red blood cells of other species,
that do not contain nuclei. The resulting purified DNA from avian red
blood cells is viscous and requires enzymatic treatment with Proteinase
K. (b) The DNA purification from solid tissues, like the visceral organs,
skin lesions and feather tips required the optimization of the nucleic
acid purification method, in term of suitability and sensitivity. In our
studies the automated Maxwell® platform was used, where the feather
tips, that are solid tissues, were comparable to mouse tails (Davidson
et al., 2018). That system is advantageous for nucleic acid purification
from solid tissues because it avoid the need to pulverize or to homo-
genize the analysed tissue, were only a small tissue piece is applied
directly into the Kkit.

Additionally, a special care should be taken with the RNA pur-
ification due to its sensitivity to degradation. Small amounts of ribo-
nucleases (RNases) can sometimes co-purify with isolated RNA and
compromise downstream applications. Such contamination can also be
introduced via tips, tubes, and other reagents used in the procedure.

3. Virus demonstration by molecular amplification
3.1. Conventional PCR

The history of the PCR assay has been described as a classic EUREKA
moment, or as an example of cooperative teamwork between disparate
researchers. The PCR technique, invented in 1985 by Kary B. Mullis,
allowed scientists to make millions of copies of a scarce sample of DNA
(Bartlett and Stirling (2003). Since the discovery of the PCR and RT-
PCR the area of diagnosis incorporated the assays for the detection of
the vast majority of pathogens, including the avian viruses.

In an attempt to provide a rapid and sensitive means of differential
diagnosis we have applied the PCR for MDV and REV detection
(Davidson et al., 1995a), and subsequently added ALV, LPDV and ALV-J
env PCRs to the differential diagnosis scheme (Davidson et al., 1995b).
In the early years we investigated the validity of PCR as compared to
the classical diagnostic methods. On every avian disease diagnosed by
PCR, we performed two or three analyses in parallel: virus isolation in
tissue cultures and identification of virus infection by immuno-
fluorescence staining of infected cells with specific monoclonal anti-
bodies, and histopathology of the tumor. A complete resemblance was
found among the various assays. However, PCR appeared to be the
method of choice for diagnosing avian oncogenic viruses as it overcame
the difficulties of differential diagnosis, and enabled the detection of
multiple viral infections (Davidson et al., 1995a,b).

3.2. Real-time PCR

Following the revolutionary invention of the PCR by Kary Mullis in
1984 (Bartlett and Stirling, 2003) the real-time PCR (qPCR) has been
developed, becoming a common tool for detection and quantification of
genes and pathogens (Deepak et al., 2017). Unlike the conventional
end-point PCR (cPCR), whose final amplicon generation was detected at
the end of the enzymatic reaction, therefore denoted as cPCR, by the
qPCR the products are evident during the reaction. The qPCR tech-
nology proved to be more sensitive, allowing the detection of only few
target molecules even in a mixture of excessive high levels of back-
ground DNA. Moreover, the qPCR allows quantitative genotyping and
detection of single nucleotide polymorphisms and allelic discrimination
as well as genetic variations when only a small proportion of the sample
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carries the mutation. However, the development of qPCR is complex as,
(a) it prerequisite accurate calibration for optimal performance, (b) use
of adequate reference materials, (c) sensitivity of inhibitory compounds
in the nucleic acid target sample, and more (Kralik and Ricchi, 2017).
Since more than a decade ago Deepak et al. (2017) described the dra-
matic leap in the use and application of the qPCR in various areas of
biology and infectiology in humans, plants and animals. Similarly to the
cPCR, the avian virology incorporated the various qPCR technologies in
the study of all the known avian viruses and bacteria, and several ex-
amples will be mentioned below.

A key biotic factor, that has to be evaluated when performing virus
identification and quantification, which is whether the viral infection is
acute or sub-clinical. The particular case of poultry infection with two
ubiquitous viruses, MDV and CAV, which can produce both types of
infection will be presented and can exemplify such complex situations.

Most of the diagnostic assays for the two viruses were calibrated
using experimental infections or samples from clinical cases in com-
mercial flocks (Davidson et al., 1995a,b, 2004a,b,2007). Until our study
(Davidson et al., 2013) not much attention has been paid to detect sub-
clinical infections, in particular, and to the quantitative detection of the
two viruses in the organs of commercial chickens with or without
clinical signs. Several reports described qqPCR to estimate MDV
(Baigent et al., 2011; Cortes et al., 2011; Islam et al., 2004; Renz et al.,
2006) or CAV (Markkowski-Grimsud et al., 2002) viral copies in the
organs of infected birds or dust.

In our study (Davidson et al., 2013) the presence of MDV and CAV
in feather tips and in pooled visceral organs, spleen and liver, by cPCR
were comparable with the viral copy numbers as determined by qqPCR.
Negative samples by cPCR contained low viral copy numbers by qqPCR,
and positive cPCR samples had copy numbers = 10,000. The correla-
tion between clinical signs and the number of CAV and MDV genomes
was evaluated. The genome numbers of MDV and/or CAV was variable
among the different chicks, however, the average genome numbers in
chicks with or without signs differed; in chicks with clinical signs about
10%-10° more MDV and 10° more CAV viruses were detected. These
findings confirmed previous studies demonstrating that appearance of
visible clinical signs is correlative to the presence of numerous viral
genomes (Islam et al., 2004, 2006). Accordingly, in sub-clinically in-
fected chickens lower viral numbers were be detected. The disperse
range of viral genomes in various commercial birds indicated that the
viruses can be present in various loads, and that finding consisted a
reflection of their ubiquitous nature.

The ability to quantitate the infecting viruses by their amplification,
and the biological feature of the two avian ubiquitous viruses, MDV and
CAV, that produce both acute and non-symptomatic infections, raised a
biotic dilemma, “to quantify or not to quantify”. The problem regarding
the biological significance of quantification embraces a broader con-
text. The main factor is the nature of the infecting pathogen. In case
that the infection was caused by a zoonotic pathogen that is not allowed
to be present, like in case of infections with highly pathogenic avian
influenza, or salmonella, the quantification is warranted to determine
the status and level of infection, and to determine the freedom of these
pathogens and efficacy of vaccination or of various disinfection means.
When the infection involve ubiquitous viruses, performing quantifica-
tion of infection is less critical, although it can provide information on
the level of infectivity, as the pathogen copy number influences the
severity of clinical signs. Generally, pathogen quantification can in-
dicate the vaccination efficacy on the background of infection with
virulent wild-type pathogens. However, the need for quantification
performance is not trivial in cases of sub-clinical infections. The per-
formance of pathogen quantification has to be associated with the es-
tablishment of regulations regarding the permitted levels of pathogen
presence, that will be associated by decisions regarding the need to take
actions. In these cases clear criteria and action policies have to be
formulated.
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3.3. Droplet digital PCR

The Droplet Digital PCR technology was developed to quantitate the
target molecules in the diagnostic samples (Baker, 2012). The technique
is based on the water-emulsion technology by which the DNA sample is
fractionated in about 20,000 droplets. In each droplet an end-point PCR
is conducted, afterwards the positive droplets are counted to reflect the
absolute target quantification per input sample, without the need for
standard curves, as in qqPCR. The high precision and sensitivity of the
assay is higher than in qqPCR, and the assay performance is easier, as
there is no need for multiple dilution steps. However, this assay was
reported only for the detection of salmonella and campylobacter (Steele
et al., 2018), for the detection of AIV infections with the highly pa-
thogenic H5N1 (Hu et al., 2017) and the H7N9 subgroup (Yan et al.,
2016) in humans.

3.4. The loop-mediated isothermal amplification

The Loop-Mediated Isothermal Amplification (LAMP) method is a
fast (the assay often takes less than an hour), low cost, highly sensitive,
highly specific and less laborious alternative to detect infectious disease
agents. The LAMP assay is performed at a single temperature, around
60 °C, in a water bath or heating block. The sensitivity of this LAMP
assay is very similar to end-point PCR with a similar detection limit.
The assay preparation employs lyophilized reagents and visualization of
results using hydroxynaphthol blue (HNB) or a UV lamp with fluor-
escent intercalating dye in the reaction mixture. LAMP is also less af-
fected by the inhibitors present in DNA samples. The procedure can be
completed under isothermal conditions so thermocyclers are not
needed. The ease of use of the LAMP assay allows adaptability to field
conditions and works well in developing countries with resource-lim-
ited laboratories. The assay is particularly robust because the reaction
mixture preparation does not involve complex steps.

Many LAMP assays have been developed and validated for im-
portant epizootic diseases, including 18 viruses thought notifiable of
ruminants, swine and poultry by the World Organization for Animal
Health (OIE) (Mansour et al., 2015). The LAMP assay was also devel-
oped for detection of the Tembusu virus (Tang et al., 2016), four im-
munosuppressive viruses (Song et al., 2018), avian leucosis virus (Peng
et al., 2015), avian reovirus (Kumar et al., 2017), and found to be useful
also in the detection of MDV in feathers and internal organs of infected
chickens (Wozniakowski and Samorek-Salamonowicz, 2014). Direct
detection of MDV DNA in poultry dust has been conducted without
DNA extraction. The DNA was retrieved from dust samples by dilution
and incubation at 95 °C for 5 min. The direct detection of MDV DNA in
the dust by the LAMP assay was possible within 30 min using a water
bath and UV light (WoZniakowski and Samorek-Salamonowicz, 2014).

In spite of the apparent advantages of the LAMP assay, it has not
gained a great popularity, probably because its intrinsic biotic proble-
matic features. The use of multiple primer pairs at low temperature is
not “beneficial” for specificity, as the reaction stringency is low.
Moreover, carryover contaminations might occur easily and influence
the assay outcome. In addition, the use of multiple primer pairs is
feasible only with pathogens were their genomes were fully sequenced.

3.5. Multiplex amplification assays

The multiplex polymerase chain reaction (Multiplex PCR) refers to
the use of PCR to amplify several different DNA sequences simulta-
neously using multiple primers in one tube and one amplification
program for all amplicons. By targeting multiple sequences at once, the
information is gained from a single test tube and run that otherwise,
would require the use of several tubes and several run times, requiring
the use of more reagents and a longer time to perform (Elnifro et al.,
2000).

Since the first technique description by Chamberlain in 1988
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(Chamberlain et al., 1988) many systems have been developed, in-
cluding assays to amplify simultaneously multiple avian viruses. Unlike
other amplification assays, that met wide acceptance, the multiplex
assays initiated multiple discussions and occasionally reluctance for
acceptance of this technique. The reasons for skepticism was the pre-
requisite of careful optimization of the amplification reaction compo-
nents in terms of concentration and annealing temperatures, in order to
maintain the optimal specificity and sensitivity for each amplicon. In
addition, multiplex amplification assays raised concerns regarding
mutual interferences that might be caused due to reagent exhaustion in
the reaction tube. For that reason scientists diverged, from enthusiastic
developers of multiplexes containing more than two amplicons, to
dismissal of the technique. However, at present the PCR reagents are
more sophisticated than those that were available in former years. The
currently obtainable reagents possess wide dynamic ranges of activity,
and the calibration complications seem to be less critical than before.
Modern reagents consist majorly of amplification pre-composed mixes,
that contain sophisticated amplification enzymes and all components
required. Moreover, primers and probes concentrations in the amplifi-
cation reaction, in general, are in excess (Elfath et al., 2000).

Many studies employed dual multiplex amplifications for two
viruses, including our studies that amplified quantitatively the MDV
and CAV (Davidson et al., 2013) and ILTV and the fowlpox virus (FPV)
from cases of diphteric manifestations in chickens (Fatumbi et al., 1995;
Davidson et al., 2015), or two genes of one virus, the TMEV (Davidson
et al., 2017b), An originally approach was the development of the
multiplex qPCR on the level of two TagMan probes in one tube to in-
crease the sensitivity of detection of the MDV vaccine and wild type
viruses (Davidson et al., 2017c). Several other examples among nu-
merous dual virus amplification assays are (a) the avian metapneu-
movirus (AMPV) quantitative multiplex subtype A or subtype B to assist
in disease diagnosis and to carry out rapid surveillance with high levels
of sensitivity and specificity (Cecchinato et al., 2013), (b) Abdelwhab
et al. (2010) developed therefore a versatile, sensitive and lineage-
specific multiplex RT-qPCR for detection and typing of H5N1 viruses in
Egypt.

Multiplex assays including more than two components were ex-
tensively developed; for example, Wang et al. (2016) described a
multiplex PCR for 6 duck viruses, Zhang et al. (2015) described a
multiplex PCR for 11 duck viruses Zeng et al. (2015) for 8 avian im-
munosuppressive viruses, Li et al. (2016) amplified at once 4 different
neuroaminidase types of AIV, subgroup H5N1, Laamiri et al. (2018)
described a multiplex assay for four most common avian respiratory
viruses, Li et al. (2018) developed an assay for 8 avian influenza A
viruses and more. Numerous other examples for multiplex PCRs can be
found in the literature, including an assay that incorporated Luminex
beads to differentiate the multiplex amplification of AIVs (Laamiri
et al., 2016).

The development of such complex multiplex assays seems to provide
a fast and economic mean to gain extended information on the presence
of several viruses with a one-tube reaction. However, the multiple si-
multaneous amplifications in one tube might introduce various diffi-
culties, ranging from obvious technical errors, to mutual inhibitory
effects that might deteriorate the amplification sensitivities.

3.6. Differentiation between wild-type and vaccine viruses - DIVA

Differentiating Infected from Vaccinated Animals (DIVA) assays
were initially developed to identify differentially antibodies to avian
influenza viruses and vaccines (Suarez, 2012). The development of re-
combinant viral-vectored vaccines for the control of avian influenza in
poultry is the latest advance in avian virology and vaccinology, because
they only express the HA gene. As all the licensed vectored vaccines
express only the HA gene, they can potentially be used to differentiate
vaccinated from vaccinated and infected birds. Although a potentially
valuable tool for the surveillance of the virus in countries that
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vaccinate, the DIVA principle has currently not been applied (Suarez
and Pantin-Jackwood, 2017).

In view of the extended use of molecular tools for diagnosis, we
tried to advance the development of DIVA assays that were based on
molecular detection, rather than on serology. However, not many mo-
lecular DIVA system were developed for avian viruses by now, therefore
that topic turn into a priority for future studies. DIVA assays were de-
veloped to provide differential molecular detection assays for vaccine
and field viruses of ILTV (Shil et al., 2015). Baigent et al. (2016) de-
scribed the pp38 MDV DIVA real-time PCR for differential identification
of MDV-1 vaccine DNAs from MDV-1 virulent isolate DNAs. That assay
was developed using cell-cultured prototype viruses, however, and its
employment on feather tip extracts of commercial chickens that have
been vaccinated commercially, did not provided the desired differential
specificity between the wild-type and the vaccine viruses. For that
reason, the simultaneous use of both CVI and Vir3 probes was employed
in one tube, as a multiplexed DIVA on the probe level, to provide a new
more convenient for use assay (Davidson et al., 2017c). We hypothe-
sized that the competitive binding would provide increased stringency
that extend the specificity and the distinctive ability of the DIVA assay.
To enable the identification of the two amplifications in one tube, the
CVI probe was labeled with a different reporter from the Vir3 probe, the
CAL Fluor Gold 540, denoted CVI2 P. was confirmed on commercial
samples. Indeed it gained a distinctive capacity between the two viruses
(Davidson et al., 2017c¢). To our knowledge, no Tag-Man qPCR DIVA
assays are yet available using multiplexed probes in one tube. There-
fore, the present assay contributes originality and additional diagnostic
capacity.

In the case of the turkey flavivirus TMEV, the DIVA development
(Davidson et al., 2017b) was motivated by the need to differentiate
between affected birds as a result of vaccination, or as a result of in-
fection with a TMEV field strain, and relied on whole genomic se-
quences of the TMEV vaccine and field viruses (Fernandez-Pinero et al.,
2014).

3.7. Genome sequencing

Thousands of studies describe the inevitable contribution of se-
quencing techniques for the identification of the infecting viruses in
poultry, because classical diagnostic methods, designed to be virus-
specific or are limited to groups of viral agents, obstruct the identifi-
cation of novel viruses or viral variants. Next-generation sequencing
(NGS), also known as high-throughput sequencing, is the term used to
describe a number of different modern sequencing technologies in-
cluding: Illumina (Solexa) sequencing, Roche 454 sequencing, Ion tor-
rent, Proton/PGM sequencing and the (Sequencing by Oligonucleotide
Ligation and Detection) SOLiD sequencing. NGS is similar to Sanger
sequencing as it allows to reveal the sequence of DNA fragments, but in
NGS the acquisition of the sequences of all DNA fragments are obtained
in parallel. This allows millions of fragments to be sequenced in a single
run, as compared to the Sanger sequencing, which only produces one
forward and reverse read. These recent technologies allow sequencing
DNA and RNA much more quickly and cheaply than the previously used
Sanger sequencing, and as such, the NGS have revolutionised the study
of genomics and molecular biology.

Approaches of NGS provided additional tools for understanding
viral diversity and discovery of novel viruses, contributing to provide a
better diagnosis and disease control. NGS lead to the identification of a
wide range of new viruses and to characterize the viral diversity among
avian species. The NGS platforms are being implemented in many
clinical and research laboratories, as the costs of these platforms are
progressively decreasing (Kapgate et al., 2015).
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3.8. Diagnostic methods based on genome sequencing: Pyrosequencing and
MinION sequencing

The development of diagnostic assays has advanced by developing
in 1993 the pyrosequencing method by Nyren et al. (1993) which
combines the benefits of PCR of the DNA sequencing. This assay am-
plifies a divergent viral fragment that is embraced by two conserved
regions on which the amplification primers are designed. Pyrosequen-
cing relies on light detection based on a chain reaction, and then pyr-
ophosphate is released. De Battisti et al. (2013) applied pyrosequencing
to diagnose rapidly and to pathotype NDV directly in clinical speci-
mens. NDV is the only member of serotype 1 avian paramyxoviruses
(APMV-1) that causes respiratory and neurological disease in chickens
and other species of birds and can cause severe economic losses in the
poultry sector. Pathotyping is needed for NDV to characterize the in-
fecting viruses. In this study degenerated primers were designed to
amplify a portion of the fusion gene responsible for virulence, then a
30-bp region encompassing the cleavage site was pyrosequenced. Pyr-
osequencing analysis was a useful technique also for genotyping AIV
reassortants in the search of vaccine virus candidates (Shcherbik et al.,
2014).

The latest development for achieving rapid and affordable mole-
cular diagnosis and molecular epidemiological surveillance was the
development of the Oxford Nanopore MinION platform in 2014 (Lu
et al., 2016; Leggett and Clark, 2017). The device is exceptionally
compact, it is powered from the USB port of a laptop computer, al-
lowing it to be portable outside the dedicated laboratory. The MinION,
the first commercial sequencer using nanopore technology, a third-
generation sequencing (TGS) technology. The DNA sequencing is per-
formed by measuring the changes in electrical conductivity generated
as DNA strands pass through a biological pore. The potential of nano-
pore sequencing has been demonstrated by various studies in genome
surveillance at locations where rapid and reliable sequencing is needed,
but where resources are limited. Due to the speed in data production,
the MinION is considered suitable for real-time applications.

The MinION third-generation, real-time DNA sequencing platform
was introduced also to the detection and characterization of Newcastle
disease outbreaks (Butt et al., 2018). The rapid identification and
virulence prediction of the circulating NDV are a global challenge to the
poultry industry diagnostics, but it is rather complex by the genetic
diversity and rapid evolution of NDVs. Spatz et al. (2019) investigated
the MinION technology in a phylogenomic approach by examining the
the single nucleotide mutations and genomic insertion and deletions in
the amplicons generated by the single allele assay. They aimed to de-
velop a fast and affordable genotyping assay for the detection, geno-
typing and surveillance of emerging ILTV strains in the US, providing
by their study a revolutionary horizon in the avian viral diagnosis.

4. Multiple virus co-infections

Multiple virus infections of the same host might have a triple bio-
logical significance; (a) Alteration of the clinical and pathological signs,
which might differ from those typical to infection with each pathogen
in separate, and they usually synergize in the virulence severity. (b)
Obstructing the ability to identify one or more of the co-infecting pa-
thogens, (c) Molecular interactions in multiple virus co-infections.

4.1. Alteration of the clinical and pathological signs, due to synergistic
infection

The two viruses MDV and CAV cause persistent infections and im-
munosuppression and synergize in mortality in experimental infection
trials and in commercial flocks (Zhang et al., 2017). The pathogenicity
of the dual MDV and CAV infection are demonstrated by a variety of
symptoms (Haridy et al., 2012) and co-infection of commercial flocks is
mostly subclinical, and not acute. We demonstrated the pathogenicity
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and the synergism in disease severity caused by the dual infection with
MDV and CAV on the enhanced mortality and morbidity, elevated
clinical sign score per chick, as well as additional not shown body
weight decrease, bursa and thymus atrophy and spleen hyperplasia
(Davidson et al., 2019).

AlV-infection could be detected in the single-virus infected group at
4 days post infection (dpi), however it was extended to 6 dpi in the
MDV-co-infected chicks and further extended to 8 dpi in the triple-virus
infected chicks with MDV and CAV (Davidson et al., 2019). Dual and
especially triple virus-infection was correlated previously with changes
in the pattern of MDV and CAV horizontal spread (Davidson et al.,
unpublished), and also with enhanced mortality and morbidity
(Davidson et al., 2019). In particular, while AIV HI9N2-infected chicks
had mild clinical signs, the CAV co-infection caused severe tracheal
inflammation.

4.2. Obstructing the ability to identify one or more of the co-infecting
pathogens

One of the advantages in the use of PCR to detect oncogenic viruses
is its ability to identify sequences of more viruses in the same DNA
sample. Isolation of more than one virus in chicken embryo fibroblast
(CEF) tissue cultures would not be possible, because the experimental
conditions needed to isolate the herpesvirus MDV conflicts those
needed to isolate retroviruses (Davidson et al., unpublished). As MDV is
a cell-associated virus the CEFs has to be maintained intact for 7-10
days to support virus replication. For the retrovirus isolation, two serial
passages in tissue culture are needed, where the first passage has to be
frozen in order to free the intracellular virions for re-amplification in
the second round of culture. Following that prolonged tissue culturing,
the monolayers have to be fixed and immunostained with monoclonal
antibodies and inspected for infection. By freezing the first tissue cul-
ture passage or the retrovirus isolation, the MDV which might be in-
fected the CEF due to its co-existence in the original sample, would be
destroyed as it requires intact cells.

4.3. Molecular interactions in multiple virus co-infections

In cases of multiple virus infection of one cell both viruses can in-
terfere for replication in a single or in a mutual mode, like in cases of
certain subgroups of the avian leukosis viruses (ALV) (Fadly and Payne,
2003). Contrariwise, they might not impede each other’s replication. In
cases that the replication of both viruses are not inhibited, their dual
presence in the same cell might lead to their interaction on various
levels, either genomic or protein. One of the possibilities of genomic
interactions is gene exchanges between the viruses that infect the same
cell. The molecular interaction that occurs in multiple virus infections
with the five avian oncogenic viruses, that include herpes and retro-
viruses, and are economically important in veterinary virology consists
a biological example for creation of viral diversity through molecular
recombination (Davidson and Silva, 2008; Davidson, 2009a). Genomic
exchanges between viruses can occur between two RNA viruses, be-
tween two DNA viruses, or between DNA and RNA viruses.

These inter-species and intra-species molecular recombination
events are one of the mechanisms that contribute to the creation of
diversity in animal viruses (Davidson and Silva, 2008). Many me-
chanisms might contribute to the variety of life on earth, such as
shuffling of genetic material between the host and the infecting virus
and between viruses belonging to the same or a different family, or
between viruses infecting various hosts.

Chickens have a distinct advantage for the study of virus diversity,
because they are the natural hosts for the infecting viruses. In addition,
no separate experimental models are needed to be performed for the
disease reproduction and no infections with various pathogens are
needed. Many natural infections of chickens can be considered, there-
fore, as reflecting real and natural situations and not artifactual events.
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We studied avian viruses because they are economically important for
agriculture, but also suitable for reflecting in vivo recombination events
that might shed knowledge on general virology (Davidson and Silva,
2008). Moreover, virological studies on poultry have additional ad-
vantages because of their relevance to "real life" virology, because
chickens in commercial poultry houses are exposed to environmental
conditions of stress that might influence the disease outcome. Also,
large number of birds in commercial flocks enables study of low-rate
events.

The likelihood that viruses can interact molecularly in multiple
virus infections and might change their molecular configuration ac-
centuate the importance of being aware to perform molecular diagnosis
directly on sampled organs, and not after further amplification in ex
vivo systems, to avoid artifactual results.

4.3.1. Molecular interactions between two RNA viruses

Among the avian RNA viruses, two retroviruses can recombine ei-
ther in vitro or in vivo in cases of intentional or natural dual virus in-
fections. The most outstanding example for in vivo recombination, led to
the creation of the new avian leukosis virus, subgroup J (ALV-J). ALV-J
emerged following a spontaneous recombination between exogenous
and endogenous retroviral sequences (Bai et al., 1995; Venugopal,
1999). Very soon the new virus disseminated worldwide with the ex-
tensive international trade of the specific genetic breed, in which ALV-J
was created, leading to a very severe outcome with a devastating eco-
nomic impact on the poultry industry (Malkinson et al., 2004). ALV-J
genetic sequence revealed several recombinations between the exo-
genous ALV gag and pol genes and the env gene of the endogenous
avian erythoblastosis virus (Bai et al., 1995; Benson et al., 1998; Fadly
and Smith, 1999). In the respect of viral evolution through genetic re-
combination, ALV-J represents a viable recombinant that occurred
spontaneously in vivo between exogenous and endogenous avian ret-
roviruses, ALV and AEV, respectively. While the LTR, gag and pol genes
are highly homologous with other ALV subgroups, the env gene had
only 40% identity with other exogenous ALV envs, but 75-95%
homology with env-like genes of the endogenous avian retroviruses
(EAV) family (Fadly and Payne, 2003). A number of other in vivo re-
combination events between ALVs have been described; an ALV-J en-
coding an ALV-A envelope (Lupiani et al., 2003, 2006), an acutely
transforming isolate of ALV-J (Chesters et al., 2001), a recombinant
ALV containing the ALV-J sequence uncovered examples of in vivo re-
combination events between RNA viruses which commonly infect same
lymphocytes in the chicken, as lately documented for the Australian
breeding flocks which were co-infected with ALV-A and ALV-J (Bagust
et al., 2004; Fenton et al., 2005).

4.3.2. Molecular interactions between MDV and retroviruses

The retrovirus recombination process with MDV occurs because
retroviruses integrate into any double stranded DNA genomes for re-
plication; in a MDV-infected cell, the integration can occur into the
cellular or into the MDV genome. The documented inserts of avian
retroviral sequences, were mainly the LTR, and those were gathered at
the junctions between the unique (long or short) MDV fragments and
the terminal or internal repeated MDV fragments (TRy and TRs and IRy,
and IRg) (reviewed in Brunovskis and Kung, 1996). Integration of the
retroviral sequences into the herpesvirus genome was documented in
vitro by co-infecting CEF cultures with MDV and the retroviruses REV
and ALV (Brunovskis and Kung, 1996). By co-cultivating MDV and REV
in the same tissue culture dish the first recombinant virus, RM1, was
created. RM1 was characterized both molecularly and biologically as
having altered in vitro and in vivo biological properties.

Having experienced the relatively efficient creation of recombinant
viruses in vitro, we questioned whether retrovirus integrates into DNA
viruses also in vivo, in the bird, in multiple viral infections. If such
process would occur, serious consequences might follow; recombinant
MDV might possess altered biological properties, and relatively known
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features of these viruses could turn into unknown and unpredictable
patterns. Putative features whose changes might be biological sig-
nificant are, pathogenicity, virus spread, antigenicity and im-
munogenicity leading to changes in the ability of specific vaccines to
protect against diseases. In our studies on in vivo recombination events
we analysed the integration events within the original organs, and not
in viruses that were re-cultured in vitro, in order not include artifacts, as
frequent genetic changes occur upon in vitro virus-replication processes
(Davidson, 2009b).

The further replication of the viruses which contained chimeric
molecules in cell cultures, process which might have increased the viral
amounts, was strictly avoided (Davidson and Borenshtain, 2001; Bor-
ensthain et al., 2003). For that reason several experimental difficulties
were met compared to the studies performed in tissue cultures. How-
ever, in spite of all difficulties, we showed that retroviruses could in-
tegrate into the MDV genome as exemplified by the detection of chi-
meric molecules, directly within the DNA that was purified from the
tumor-bearing chicken (Davidson and Borenshtain, 2001; Borenshtain
et al., 2003).

Unlike in vitro, where recombinant viruses were separated by sev-
eral rounds of plaque purifications and limiting dilutions, the in vivo
situation differs; many different events occurred simultaneously in the
same bird as each cell produces many herpes virions. As various mo-
lecules were formed and detected in the same DNA preparation, re-
combinant virus isolation was problematic. Only a biological advantage
would enable a recombinant virus to dominate in an infected bird. In
addition, the in vivo herpes-retro recombination issue differs, and is
rather more complex than in vitro co-cultivation of the two virus types;
the cells in the in vitro co-infection were fibroblasts, whereas in vivo, the
target cells are mostly lymphocytes and monocytes. While the re-
combination rate in vitro was rather high, the in vivo formation of viable
recombinant viruses depends on the presence of host immune re-
sponses, tissue affinities, and more, therefore, the amounts of re-
combinant viruses is often minute. We concluded therefore, that both
situations cannot be extrapolated, although showing that commercial
poultry co-infections have the potential for a collective clinical influ-
ence and also can result in the emergence of recombinant viruses,
possibly with unexpected biological properties (Davidson and Silva,
2008).

The issue of retroviral sequence integration into herpesviruses in
vivo, in cases of double virus-infection is of a wide significance in
general virology, veterinary medicine and also represents a special case
of gene transposition. We determined the occurrence of such integra-
tions in vivo by following the presence of chimeric molecules. Several
conditions were analysed: a) Commercial birds that acquired naturally
a mixed infection; b) Experimentally infected chickens with prototype
strains of MDV and ALV-J; ¢) Commercial chickens infected experi-
mentally with virus inoculae obtained from commercial cases of double
infection with MDV and ALV-J, in the same flock or the same bird. In
the two first categories we found that integration events happened at
various rates, depending on the experimental system used. While in
commercial flocks the event was limited (about 2.5% of the 2926 DNA
samples), it reached a 30-50% rate in experimentally-infected birds
with prototype viruses, and was undetectable in experimentally-in-
fected birds with field inoculae. It seemed that by increasing the virus
adaptation to laboratory conditions, the rate of retrovirus LTR in-
tegration into MDV increases, as judged by the extent of chimeric
molecules. Also, in each DNA preparation a variety of chimeric mole-
cule types were detected, indicating the in vivo formation of molecular
quasispecies in dually-infected birds.

The chimeric molecule heterogeneity found now might indicate that
several integrations occurred in one double virus-infected cell or re-
flects the events in several cells, as each DNA preparation originated
from numerous cells. As such, each DNA sample might differ in the
molecular population content.

Molecular intergrations of avian retroviruses in avian DNA viruses
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occurred also between the FPV (Tripathy and Reed, 2008) and REV.
Kim and Tripathy (2001) analysed early isolates of FPV and showed
that the event of REV integration into FPV occurred more than 50 years
ago. However, REV envelope sequences have been detected only in FPV
field strains, suggesting the presence of intact REV genome in wild-type
strains. Unlike MDV, where the retroviral-LTR integrations occurred at
various genetic sited within the junctions of the unique and repeat MDV
genomic fragments, the retroviral-LTR integrations occur within the
FPV genome at a specific site, between open reading frame 201 and 203
(Brunovskis and Kung, 1986; Garcia et al., 2003). Up to this point it is
not elucidated yet whether the emergence of new FPV isolates, the
disease re-emergence and the apparent lack of vaccine efficacy are due
to REV insertions. We havedemonstrated that most, but not all the FPV
isolates in commercial flocks contained REV inserts of various sizes
(2008c).

4.3.3. Molecular interactions between DNA viruses

Multiple viral infections of chickens with DNA viruses are probably
the ground on which genetic exchanges between these viruses occur. To
our knowledge, two studies documented natural dual infections of
chickens, employing FPV (Thipathy and Reed, 2008), FPV and
Infectious laryngotracheitis (ILTV) virus (Fatunmbi et al., 1995) and
FPV and MDV (Tripathy et al., 1975). These events might facilitate, in a
yet unknown mechanism, transfer of genomic fragments between DNA
viruses. Although the rate of these DNA movements are supposed to be
even lower than events which involve RNA viruses, Brunovskis and
Velicer (1995) provided evidences that several FPV genes have homo-
logs in the MDV genome.

5. Final consideration

The diagnosis of veterinary viruses is substantiated by two pillars
side by side, the clinical signs and the laboratory diagnosis. Neither of
these two components can stand alone, as clinical diagnosis is not de-
finitive without laboratory confirmation, while the latter is insignificant
without at least one virus-specific clinical sign. Moreover, diagnosis
based on macroscopic lesions might be heavily influenced by sub-
jectivity, and might be indistinctive and insensitive, signs might be
common to several diseases. Also, molecular diagnosis of virus infec-
tions virus enable the diagnosis even in absence of clinical signs or post-
mortem lesions. Nowadays, revolutionary technological developments
contributed to creation of novel sophisticated diagnostic assays that are
fast, sensitive and highly informative. However, a special attention
should still be dedicated to the biotic factors in diagnosis, which might
substantiate the correct diagnosis by performing the accurate sampling
and approach in view of the pathogen and disease biology.

Furthermore, with the availability of such powerful diagnostic
means, it is questionable whether to employ classical virological pro-
cedures besides the molecular diagnosis. The response is positive, it is
still needed to collect field viruses, to perform amplify those samples in
embryonated eggs or in tissue cultures to obtain purified stocks of live
viruses for future reference, and for use as the challenge in experi-
mental infection trials. These experimental infection trials might be
performed in search of the protection ability of new vaccines, or other
future biological research. Furthermore, to determine the presence of
live viruses virus replication has to be demonstrated. In these cases the
molecular diagnosis is not the ultimate diagnostic mean, because mo-
lecular assays can also perform on viral nucleic acids that originate
from inactivated or non-replicable viruses. Thus, classical virology
toolbox receives considerable enhancement by technological innova-
tions rather than being replaced by them.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to



L. Davidson

influence the work reported in this paper.
References

Abdelwhab, el-S.M., Erfan, A.M., Grund, C., Ziller, M., Arafa, A.S., Beer, M., Aly, M.M.,
Hafez, H.M., Harder, T.C., 2010. Simultaneous detection and differentiation by
multiplex real time RT-PCR of highly pathogenic avian influenza subtype HSN1
classic (clade 2.2.1 proper) and escape mutant (clade 2.2.1 variant) lineages in Egypt.
Virol. J. 7, 260. https://doi.org/10.1186/1743-422X-7-260.

Astill, J., Dara, R.A., Fraser, E.D.G., Sharif, S., 2018. Detecting and predicting emerging
disease in poultry with the implementation of new technologies and big data. A focus
on avian influenza virus. Front. Vet. Sci. 5, 263. https://doi.org/10.3389/fvets.2018.
00263. eCollection 2018.

Baker, M., 2012. Digital PCR hits its stride. Nat. Methods 9, 541-544.

Bai, J., Payne, L.N., Skinner, M.A., 1995. HPRS-103 (Exogenous Avian Leukosis Virus,
Subgroup J) has an env gene related to those of endogenous elements EAV-0 and E51
and an element found previously only in sarcoma viruses. J. Virol. 69, 779-784.

Bagust, T.J., Fenton, S.P., Reddy, M.R., 2004. Detection of subgroup J avian leukosis virus
infection in Australian meat-type chickens. Aust. Vet. J. 82, 701-706.

Baigent, S.J., Smith, L.P., Petherbridge, L.J., Nair, V.K., 2011. Differential quantification
of cloned CVI988 vaccine strain and virulent RB-1B strain of Marek’s disease viruses
in chicken tissues, using real-time PCR. Res. Vet. Sci. 91, 167-174.

Baigent, S.J., Nair, V.K., Galludec, H.L., 2016. Real-time PCR for differential quantifica-
tion of CVI988 vaccine and virulent MDV strains. J. Virol. Meth. 233, 23-36. https://
doi.org/10.1016/j.jviromet.2016.03.002.

Bartlett, J.M., Stirling, D., 2003. A short history of the polymerase chain reaction.
Methods Mol. Biol. 226, 3-6.

Benson, S.J., Ruis, B.L., Fadly, A.M., 1998. Conklin KF the unique envelope gene of the
subgroup J avian leukosis virus derives from ev/J proviruses, a novel family of avian
endogenous viruses. J. Virol. 72, 10157-10164.

Borenshtain, R., Witter, R.L., Davidson, I., 2003. The persistence of chicken herpesvirus
and retroviral chimeric molecules upon in vivo passage. Avian Dis. 47, 296-308.
Brunovskis, P., Velicer, L.F., 1995. The Marek’s disease virus unique short region: alpha
herpes virus homologs, fowlpox virus homologs, and Marek’s disease virus-specific

genes. Virology 206, 324-338.

Brunovskis, P., Kung, H.K., 1996. Retrotransposition and herpesvirus evolution. Virus
Genes 11 (259-), 270.

Butt, S.L., Taylor, T.L., Volkening, J.D., Dimitrov, K.M., Williams-Coplin, D., Lahmers,
K.K., Miller, P.J., Rana, A.M., Suarez, D.L., Afonso, C.L., Stanton, J.B., 2018. Rapid
virulence prediction and identification of Newcastle disease virus genotypes using
third-generation sequencing. Virol. J. 15, 179. https://doi.org/10.1186/512985-018-
1077-5.

Bujang, M.A., Adnan, T.H., 2016. Requirements for minimum sample size for sensitivity
and specificity analysis. J. Clin. Diagn. Res. 10 (10), YEO1-YEO6. https://doi.org/10.
7860/JCDR/2016/18129.8744.

Chamberlain, J.S., Gibbs, R.A., Ranier, J.E., Nguyen, P.N., Caskey, C.T., 1988. Deletion
screening of the Duchenne muscular dystrophy locus via multiplex DNA amplifica-
tion. Nucleic Acids Res. 16, 11141-11156. https://doi.org/10.1093/nar/16.23.
11141.

Chesters, P.M., Howes, K., McKay, J.C., Payne, L.N., Venugopal, K., 2001. Acutely
transforming avian leukosis virus subgroup J strain 966: defective genome encodes a
72 kilodalton gag-myc fusion protein. J. Virol. 75, 4219-4225.

Cecchinato, M., Lupini, C., Pogoreltseva, A.S.M., Listorti, V., Mondin, A., Drigo, M.,
Catelli, E., 2013. Development of a real-time RT-PCR assay for the simultaneous
identification, quantitation and differentiation of avian metapneumovirus subtypes A
and B. Avian Pathol. 42, 283-289.

Cortes, A.L., Montiel, E.R., Lemiere, S., Gimeno, .M., 2011. Comparison of blood and
feather pulp samples for the diagnosis of Marek’s disease and for monitoring Marek’s
disease vaccination by real time-PCR. Avian Dis. 55, 302-310.

Davidson, I., Borowski, A., Perl, S., Malkinson, M., 1995a. Use of the polymerase chain
reaction for the diagnosis of natural infection of chickens and turkeys with Marek’s
disease virus and reticuloendotheliosis virus. Avian Pathol. 24, 69-94.

Davidson, 1., Smith, E.J., Perl, S., Malkinson, M., 1995b. Application of the polymerase
chain reaction for the diagnosis of natural infection of chickens and turkeys with
avian oncogenic viruses. Israel J. Vet. Med. 50, 97-104.

Davidson, I., Weisman, Y., Perl, S., Malkinson, M., 1998. Differential diagnosis of two
paralytic conditions affecting young birds with emphasis on PCR findings. Avian
Pathol. 27, 417-419.

Davidson, L., Grinberg, R., Malkinson, M., Mechani, S., Pokamunski, S., Weisman, Y.,
2000. Diagnosis of turkey meningoencephalitis virus infection in field cases by RT-
PCR compared to virus isolation in embryonated eggs and suckling mice. Avian
Pathol. 29, 35-39.

Davidson, I., Borenshtain, R., 2001. In vivo events of retroviral long terminal repeat in-
tegration into Marek’s disease virus in commercial poultry: detection of chimerical
molecules as a marker. Avian Dis. 45, 102-121.

Davidson, I., Borenshtain, R., 2002. The feather tips of commercial chickens are a fa-
vorable source of DNA for the amplification of Marek’s disease virus and avian leu-
kosis virus. subgroup J. Avian Pathol. 31, 237-240.

Davidson, 1., Borenshtain, R., 2003. Novel applications of feather tip extracts from MDV-
infected chickens; diagnosis of commercial broilers, whole genome separation by
PFGE and synchronic mucosal infection. FEMS Immunol. Med. Microbiol. 38,
199-203.

Davidson, 1., Kedem, M., Borochovitz, H., Kass, N., Ayali, G., Hamzani, E., Perelman, B.,
Smith, B., Perk, S., 2004a. Chicken infectious anemia virus infection in Israeli com-
mercial flocks; virus amplification, clinical signs, performance and antibody status.

Journal of Virological Methods 274 (2019) 113708

Avian Dis. 48, 108-118.

Davidson, L., Shkoda, L., Elkin, N., Ayali, G., Hamzani, E., Kaas, N., Smith, B.,
Borochovitch, H., Gilat, G., Krispin, H., Kedem, M., Perk, S., 2004b. Chicken
Infectious anemia in young broiler flocks in Israel. Israel J. Vet. Med. 59, 78-82.

Davidson, I., Shkoda, I., 2005. The impact of feathers on the detection and study of DNA
viral pathogens in commercial poultry. Journal of the World Science Association. 61,
407-417.

Davidson, I., 2007. Avian oncogenic viruses: the correlation between clinical signs and
molecular virus identification, knowledge acquired from the examination of over
1000 flocks. Israel J. Vet. Med. J. 62, 42-47.

Davidson, L., Silva, R.F., 2008. Creation of diversity in the animal virus world by inter-
species and intra-species recombinations: lessons learned from avian viruses. Virus
Genes 36, 1-10.

Davidson, 1., Artzi, N., Shkoda, I., Lublin, A., Loeb, E., Schat, K.A., 2008a. The con-
tribution of feathers in the spread of chicken anemia virus. Virus Res. 132, 152-159.

Davidson, I., Loeb, E., Lublin, A., Perk, S., Shkoda, I., Schat, K.A., 2008b. Assessment of
various criteria to determine to determine the chicken anemia virus pathogenicity in
embryonated eggs and in day-old chicks. Curr. Top.. Virol. 6, 95-111.

Davidson, L., Shkoda, L., Perk, S., 2008c. The integration of reticuloendotheliosis virus
envelope gene into poultry fowlpox virus genome is not universal. J. Gen. Virol. 89,
2456-2460.

Davidson, I., 2009a. Diverse uses of feathers with emphasis on diagnosis of avian viral
infections and vaccine virus monitoring. Brazilian Journal of Veterinary Sciences 11,
139-148.

Davidson, I., 2009b. The Knowledge that Human Tumor Virology Can Gain from Studies
on Avian Tumor Viruses. Adv. Tumor Virol. 1, 1-11.

Davidson, 1., Nagar, S., Raibshtein, 1., Shkoda, I., Perk, S., Garcia, M.C., 2009c. Detection
of wild- and vaccine-type avian infectious laryngotracheitis virus in clinical samples
and feather shafts of commercial chickens. Avian Dis. 53, 618-623.

Davidson, I., Raibstein, L., Altury, A., 2013. Quantitation of Marek’s disease and chicken
anemia viruses in organs of experimentally-infected and of commercial chickens by
multiplex real-time PCR. Avian Dis. 57 (Suppl.(2)), 532-538 2013.

Davidson, 1., Raibshtein, I., Altory, A., 2015. Differential diagnosis of fowlpox and in-
fectious laryngotracheitis viruses in chicken diphtheritic manifestations by mono and
duplex real-time polymerase chain reaction. Avian Pathol. 44, 1-4. https://doi.org/
10.1080/03079457.2014.977223.

Davidson, I., Raibstein, I., Altory, A., Elkin, N., 2016. Infectious laryngotracheitis virus
(ILTV) vaccine intake evaluation by detection of virus amplification in feather pulps
of vaccinated chickens. Vaccine 34, 1630-1633. https://doi.org/10.1016/j.vaccine.
2016.01.006.

Davidson, I., Haddas, R., Natour-Altory, A., Harboush, C., 2017a. Experimental multiple
virus-infections of commercial layers with Avian Influenza, subtype HON2 and ve-
logenic Newcastle Disease Viruses. Israel J. Vet. Med. 73, 54-63.

Davidson, I., Raibshtein, I., Altory-Natour, A., Simanov, M., Khinich, Y., 2017b.
Development of duplex dual-gene and DIVA real-time RT-PCR assays and use of
feathers as a non-invasive sampling method for the diagnosis of Turkey me-
ningoencephalitis virus. Avian Pathol. 46, 256-264. https://doi.org/10.1080/
03079457.2016.1256471.

Davidson, I., Natour-Altoury, A., Raibshtein, I., Dahan, Y., 2017c. Differential amplifi-
cation of Marek’s Disease CVI988 vaccine and of wild-type isolates from organs of
commercial chickens using single or duplexed probes in real-time PCR. Avian Pathol.
46, 1-12. https://doi.org/10.1080/03079457.2017.1332402.

Davidson, 1., Natour-Altory, A., Raibstein, I., Kin, E., Dahan, Y., Krispin, H., Elkin, N.,
2018a. Monitoring the uptake of live avian vaccines by their detection in feathers.
Vaccine 36, 637-643. https://doi.org/10.1016/j.vaccine.2017.12.052.

Davidson, I., Shimson, Y., Natour-Altory, A., 2018b. Vaccine uptake evaluation using
feathers — in real practice. Isr. J. Vet. Med. 73, 7-13.

Davidson, 1., Altory-Natour, A., Haddas, R., Nagar, S., Meir, R., Cohen, A., Rozenboim, I.,
2019. Evaluation of viral-induced stress by quantitating corticosterone in feathers of
virus- infected SPF chicks. J. Applied Poultry Science. https://doi.org/10.3382/japr/
pfz027. In Press.

De Boer, G.F., Groenendal, J.E., Boerrigter, H.M., Kok, G.L., Pol, J.M., 1986. Protective
efficacy of Marek’s disease virus (MDV) CVI988CEF65 clone C against challenge in-
fection with three very virulent MDV strains. Avian Dis. 30, 276-283.

De Battisti, C., Salomoni, A., Ormelli, S., Monne, ., Capua, I., Cattoli, G., 2013. Rapid
pathotyping of newcastle disease virus by pyrosequencing. J. Virol. Meth. 188,
13-20. https://doi.org/10.1016/j.jviromet.2012.11.021.

Deepak, S.A., Kottapalli, K.R., Rakwal, R., Oros, G., Rangappa, K.S., Iwahashi, H., Masuo,
Y., Agawal, K.G., 2017. Real-Time PCR: revolutionizing detection and expression
analysis of genes. Curr. Genomics 8, 234-251. https://doi.org/10.2174/
138920207781386960.

Duffy, S., Shackelton, L.A., Holmes, E.C., 2008. Rates of evolutionary change in viruses:
patterns and determinants. Nat. Rev. Genet. 94, 267-276. https://doi.org/10.1038/
nrg2323.

Elnifro, Elfath M., Ashshi, Ahmed M., Cooper, Robert J., Klapper, Paul E., 2000. Multiplex
PCR: optimization and application in diagnostic virology. Clinical Microbiology
Reviews Oct 2000 (13), 559-570. https://doi.org/10.1128/CMR.13.4.559.

Fadly, A.M., Smith, E.J., 1999. Isolation and some characteristics of a subgroup J-like
avian leukosis virus associated with myeloid leukosis in meat-type chickens in the
United States. Avian Dis. 43, 391-400.

Fadly, A.M., Payne, L.N., 2003. Leukosis/Sarcoma group. In: Saif, Y.M., Barnes, H.J.,
Fadly, A.M., Glisson, J.R., McDougald, L.R., Swayne, D.E. (Eds.), Diseases of Poultry,
11 ed. Iowa State University Press, Ames, lowa, pp. 465-516.

Fatumbi, O.F., Reed, R.M., Schwartz, D.L., Tripathy, D.N., 1995. Dual infection of
chickens with pox and infectious laryngotracheitis (ILT) confirmed with specific pox
and ILT DNA dot-blot hybridization assays. Avian Dis. 39, 925-930.



L. Davidson

Fenton, S.P., Reddy, M.R., Bagust, T.J., 2005. Single and concurrent avian leukosis virus
infections with avian leukosis virus-J and avian leukosis virus-A in Australian meat-
type chickens. Avian Pathol. 34, 48-54.

Fernandez-Pinero, J., Davidson, I., Elizalde, M., Perk, S., Khinich, Y., Jiménez-Clavero,
M.A., 2014. Bagaza virus (BAGV) and Israel Turkey Meningoencephalitis virus are a
single virus species. J. Gen. Virol. 95, 883-887. https://doi.org/10.1099/vir.0.
061465-0.

Garcia, M., Narang, N., Reed, W.M., Fadly, A.M., 2003. Molecular characterization of
reticuloendotheliosis virus insertions in the genome of field and vaccine strains of
Fowl Poxvirus. Avian Dis. 47, 343-354.

Garcia, M., Spatz, S., Guy, J.S., 2013. Infectious laryngotracheitis pp. 161-180. In:
Swayne, D.E., Glisson, J.R., McDougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V.
(Eds.), Diseases of Poultry, 13th ed. Wiley-Blackwell, Iowa State Press, Ames, lowa,
U.S.A, pp. 161-180.

Guy, J.S., Barnes, H.J., Smith, L.G., 1991. Increased virulence of modified-live infectious
laryngotracheitis vaccine virus following bird-to-bird passage. Avian Dis. 35,
348-355.

Hajian-Tilaki, K., 2014. Sample size estimation in diagnostic test studies of biomedical
informatics. J. of Biomedical Informatics 48, 193-204. https://doi.org/10.1016/j.jbi.
2014.02.013.

Haridy, M., Sasaki, J., Okada, K., Goryo, M., 2012. Persistance of inclusions and antigens
of chicken anemia virus in Marek’s disease lymphoma. Res. in Vet. Sc. 93,
1353-1360. https://doi.org/10.1016/j.rvsc.2012.05.004.

Huy, Y., Xu, P., Luo, J., He, H., Du, W., 2017. Absolute quantification of H5-Subtype avian
influenza viruses using droplet digital loop-mediated isothermal amplification. Anal.
Chem. 89, 745-750. https://doi.org/10.1021/acs.analchem.6b03328.

Hughes, C.S., Williams, R.A., Gaskell, R.M., Jordan, F.T.W., Bradbury, J.M., Bennett, M.,
Jones, R.C., 1991. Latency and reactivation of infectious laryngotracheitis vaccine
virus. Arch. Virol. 121, 213-218.

Iancunescu, M., Hornstein, K., Samberg, Y., Ahanorovich, A., Merdinger, M., 1975.
Development of a new vaccine against turkey meningo-encephalitis using a virus
passage through the Japanese quail. Avian Pathol. 4, 119-131.

Iancunescu, M., 1976. Turkey meningo-encephalitis: a general review. Avian Dis. 20,
135-138.

Islam, A., Harrison, B., Cheetham, B.F., Mahony, T.J., Young, P.L., Walkden-Brown, S.W.,
2004. Differential amplification and quantitation of Marek’s disease viruses using
real-time PCR. J. Virol. Meth. 119, 103-113.

Islam, A.B.F., Cheetham, T., Mahony, J., Young, S.W., 2006. Absolute quantitation of
Marek’s disease virus and Herpesvirus of turkeys in chicken lymphocyte, feather tip
and dust samples using real-time PCR. J. Virol. Meth. 132, 127-143.

Jackwood, M.W., de Wit, S., 2013. Infectious bronchitis. Pp. 139-160. In: Swayne, D.E.,
Glisson, J.R., McDougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V. (Eds.), Diseases of
Poultry, 13th ed. Wiley-Blackwell, Iowa State Press, Ames, Iowa, U.S.A.

Kapgate, S.S., Barbuddhe, S.B., Kumanan, K., 2015. Next generation sequencing tech-
nologies: tool to study avian virus diversity. Next generation sequencing technolo-
gies: tool to study avian virus diversity. Acta Virol. 59, 3-13.

Kim, T.J., Tripathy, D.N., 2001. Reticuloendotheliosis virus integration in the fowl pox-
virus genome: not a recent event. Avian Dis. 45, 663-669.

Kralik, P., Ricchi, M., 2017. A basic guide to real time PCR in microbial diagnostics:
definitions, parameters, and everything. Front. Microbiol. 8, 108. https://doi.org/10.
3389/fmicb.2017.00108.

Kumar, D., Chauhan, T.K., Agarwal, R.K., Dhama, K., Goswami, P.P., Mariappan, A.K.,
Tiwari, A.K., Mishra, B.P., 2017. A double-stranded probe coupled with isothermal
amplification for qualitative and quantitative detection of avian reovirus. Arch. Virol.
162, 979-985. https://doi.org/10.1007/500705-016-3184-1.

Laamiri, N., Fallgren, P., Zohari, S., Ben Ali, J., Ghraham, A., Leijon, M., Hmila, L., 2016.
Accurate detection of avian respiratory viruses by use of multiplex PCR-Based lu-
minex suspension microarray assay. J. Clin. Microbiol. 54, 2716-2725. https://doi.
org/10.1128/JCM.00610-16.

Laamiri, N., Aouini, R., Marnissi, B., Ghraham, A., Hmila, I., 2018. A multiplex real-time
RT-PCR for simultaneous detection of four most common avian respiratory viruses.
Virology. 515, 29-37. https://doi.org/10.1016/j.virol.2017.11.021.

Lee, D.H., Kwon, J.H., Noh, J.Y., Park, J.K., Yuk, S.S., Erdene-Ochir, T.O., Nahm, S.S.,
Kwon, Y.K., Lee, S.W., Song, C.S., 2016. Viscerotropic velogenic Newcastle disease
virus replication in feathers of infected chickens. J. Vet. Sci. 17, 115-117. https://doi.
org/10.4142/jvs.2016.17.1.115.

Leggett, R.M., Clark, M.D., 2017. A world of opportunities with nanopore sequencing. J.
Exp. Bot. 68, 5419-5429. https://doi.org/10.1093/jxb/erx289.

Li, M,, Xie, Z., Xie, Z., Liu, J., Xie, L., Deng, X., Luo, S., Fan, Q., Huang, L., Huang, J.,
Zhang, Y., Zeng, T., Feng, J., 2016. Simultaneous detection of four different neur-
aminidase types of avian influenza A H5 viruses by multiplex reverse transcription
PCR using a GeXP analyser. Influenza Other Respir. Viruses 10, 141-149. https://doi.
org/10.1111/irv.12370.

Li, M., Xie, Z., Xie, Z., Liu, J., Xie, L., Deng, X., Luo, S., Fan, Q., Huang, L., Huang, J.,
Zhang, Y., Zeng, T., Feng, J., 2018. Simultaneous detection of eight avian influenza A
virus subtypes by multiplex reverse transcription-PCR using a GeXP analyser. Sci.
Rep. 8, 6183. https://doi.org/10.1038/s41598-018-24620-8.

Lu, H., Giordano, F., Ning, Z., 2016. Oxford nanopore MinION sequencing and genome
assembly. Genomics Proteomics Bioinformatics 14, 265-279. https://doi.org/10.
1016/j.gpb.2016.05.004.

Lupiani, B., Williams, S.M., Silva, S., Hunt, H., Fadly, A., 2003. Pathogenicity of two
recombinant avian leukosis virus. Avian Dis. 47, 425-432.

Lupiani, B., Pandiri, A.R., Mays, J., Hunt, H.D., Fadly, A.M., 2006. Molecular and bio-
logical characterization of a naturally occurring recombinant subgroup J avian leu-
kosis virus with A subgroup. Avian Dis. 50, 572-578.

Malkinson, M., Banet-Noach, C., Davidson, L., Fadly, A.M., Witter, R.L., 2004. Comparison

10

Journal of Virological Methods 274 (2019) 113708

of serological and virological findings from subgroup J avian leukosis virus-infected
neoplastic and non-neoplastic flocks in Israel. Avian Pathol. 33, 281-287.

Mansour, S.M., Ali, H., Chase, C.C., Cepica, A., 2015. Loop-mediated isothermal ampli-
fication for diagnosis of 18 World Organization for Animal Health (OIE) notifiable
viral diseases of ruminants, swine and poultry. Anim. Health Res. Rev. 16, 89-106.
https://doi.org/10.1017/51466252315000018.

Miller, M.M., Jarosinski, K.W., Schat, K.A., 2008. Negative modulation of the chicken
infectious anemia virus promoter by COUP-TF1 and an E box-like element at the
transcription start site binding dEF1. J. Gen. Virol. 89, 2998-3003.

Miller, P.J., Koch, G., 2013. Newcastle disease. Pp. 89-138. In: Swayne, D.E., Glisson, J.R.,
McDougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V. (Eds.), Diseases of Poultry, 13th
ed. Wiley-Blackwell, Iowa State Press, Ames, lowa, U.S.A.

Nyren, P., Petersson, B., Uhlen, M., 1993. Solid phase DNA minisequencing by an enzy-
matic luminometric inorganic pyrophosphate detection assay”. Anal. Biochem. 208,
171-175. https://doi.org/10.1006/abio.1993.1024.

Okasaki, W., Pyrchase, H.G., Burmester, B.R., 1970. Protection against Marek’s disease by
vaccination with a hespesvirus of turkeys. Avian Dis. 14, 413-420.

Peng, H., Qin, L., Bi, Y., Wang, P., Zou, G., Li, J., Yang, Y., Zhong, X., Wei, P., 2015. Rapid
detection of the common avian leukosis virus subgroups by real-time loop-mediated
isothermal amplification. Virol. J. 12, 195. https://doi.org/10.1186/512985-015-
0430-1.

Ralapanawe, S., Renz, K.G., Burgess, S.K., Walkden-Brown, S.W., 2016. Field studies of
the detection, persistence and spread of the Rispens CVI988 vaccine virus and the
extent of co-infection with Marek’s disease virus. Australian Vet. J. 94, 329-337.
https://doi.org/10.1111/avj.12479.

Renz, K.G., Islam, A., Cheetham, B.F., Walkden-Brown, S.W., 2006. Absolute quantifi-
cation using real-time polymerase chain reaction of Marek’s disease virus serotype 2
in field dust samples, feather tips and spleens. J. Virol. Meth. 135, 186-191. https://
doi.org/10.1016/j.jviromet.2006.03.017.

Rispens, B.H., Van Vloten, J., Mastenbroek, N., Maas, H.J.L., Schat, K.A., 1972. Control of
Marek’ disease in the Netherlands. I. Isolation of an avirulent Marek’s disease virus
(strain CVI988) and its use in laboratory vaccination trials. Avian Dis. 16, 108-125.

Samberg, Y., Cuperstein, E., Bendheim, U., Aronovici, A., 1971. The development of a
vaccine against avian infectious laryngotracheitis. I. Modification of a laryngo-
tracheitis virus. Refuah Veterinarith 26, 54-59.

Schat, K.A., Calnek, B.W., 1978. Characterization of an apparently nononcogenic Marek’
disease virus. J. Natl. Cancer Inst. 60, 1075-1082.

Schat, K.A., Nair, V., 2013. Marek’s disease. In: Swayne, D.E., Glisson, J.R., McDougald,
L.R., Nolan, L.K., Suarez, D.L., Nair, V. (Eds.), Diseases of Poultry, 13th ed. Wiley-
Blackwell, Iowa State Press, Ames, lowa, U.S.A, pp. 515-552.

Schat, K.A., Van Santen, V.L., 2013. Chicken infectious anemia. In: Swayne, D.E., Glisson,
J.R., McDougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V. (Eds.), Diseases of Poultry,
13th ed. Wiley-Blackwell, Iowa State Press, Ames, lowa, U.S.A, pp. 248-264.

Shcherbik, S.V., Pearce, N.C., Levine, M.L., Klimov, A.L., Villanueva, J.M., Bousse, T.L.,
2014. Rapid strategy for screening by pyrosequencing of influenza virus reassortants
candidates for live attenuated vaccines. PLoS One 19, €92580. https://doi.org/10.
1371/journal.pone.0092580.

Shil, N.K., Legione, A., Markham, P.F., Noormohammadi, A.H., Devlin, J.M., 2015.
Development and validation of TagMan real-time PCR for the quantitative and dif-
ferential detection of wild-type ILTV from a glycoprotein G deficient candidate
vaccine strain. Avian Dis. 59, 7-13.

Shojaei, T.R., Tabatabaei, M., Shawky, S., et al., 2015. A review on emerging diagnostic
assay for viral detection: the case of avian influenza virus. Mol. Biol. Rep. 42,
187-199. https://doi.org/10.1007/s11033-014-3758-5.

Steele, J.A., Blackwood, A.D., Griffith, J.F., Noble, R.T., Schiff, K.C., 2018. Quantification
of pathogens and markers of fecal contamination during storm events along popular
surfing beaches in San Diego, California. Water Res. 136, 137-149. https://doi.org/
10.1016/j.watres.2018.01.056.

Song, H., Bae, Y., Park, S., Kwon, H., Lee, H., Joh, S., 2018. Loop-mediated isothermal
amplification assay for detection of four immunosuppressive viruses in chicken. J.
Virol. Methods 256, 6-11. https://doi.org/10.1016/j.jviromet.2018.02.013.

Spatz, S.J., Garcia, M.C., Ryblet, S., Ross, T.A., Volkening, J.D., Taylor, T.L., Kim, T.,
Alfonso, C.L., 2019. MinION sequencing to genotype US strains of infectious lar-
yngotrcheitis virus. Avian Pathology doil. https://doi.org/10.1080/03079457.2019.
1579298.

Suarez, D.L., 2012. DIVA vaccination strategies for avian influenza virus. Avian Dis. 56,
836-844.

Suarez, D.L., Pantin-Jackwood, M.J., 2017. Recombinant viral-vectored vaccines for the
control of avian influenza in poultry. Vet. Microbiol. 206, 144-151. https://doi.org/
10.1016/j.vetmic.2016.11.025.

Swayne, D.E., Suarez, D.L., Sims, L.D., 2013. Influenza. In: Swayne, D.E., Glisson, J.R.,
McDougald, L.R., Nolan, L.K., Suarez, D.L., Nair, V. (Eds.), Diseases of Poultry, 13th
ed. Wiley-Blackwell, Iowa State Press, Ames, lowa, U.S.A, pp. 181-218.

Tang, Y., Chen, H., Diao, Y., 2016. Advanced uracil DNA glycosylase-supplemented real-
time reverse transcription loop-mediated isothermal amplification (UDG-rRT-LAMP)
method for universal and specific detection of Tembusu virus. Sci. Rep. 6, 27605.
https://doi.org/10.1038/srep27605.

Tripathy, D.N., Reed, W.M., 2008. 2008. Pox. In: Saif, Y.M., Fadly, A.M., Glisson, J.R.,
McDougald, L.R., Nolan, L.K., Swayne, D.E. (Eds.), Diseases of Poultry, 12th edition.
Iowa State Press, Ames, Iowa, pp. 291-309.

Tripathy, D.N., Sells, D.M., Hanson, L.E., 1975. Natural pox and herpes as a dual viral
infection in chickens. Avian Dis. 19, 75-81.

Yamamoto, Y., Nakamura, K., Kitagawa, K., Ikenaga, N., Yamada, M., Mase, M., Narita,
M., 2007. Pathogenesis in call ducks inoculated intranasally with H5SN1 highly pa-
thogenic avian influenza virus and transmission by oral inoculation of infective
feathers from an infected call duck. Avian Dis. 51, 744-749.



L. Davidson

Yamamoto, Y., Nakamura, K., Okamatsu, M., Yamada, M., Mase, M., 2008. Avian influ-
enza virus (H5N1) replication in feathers of domestic waterfowl. Emerging Infect.
Dis. 14, 149-151.

Yan, Y., Jia, X.J., Wang, H.H., Fu, X.F., Ji, J.M., He, P.Y., Chen, L.X., Luo, J.Y., Chen, Z.W.,
2016. Dynamic quantification of avian influenza H7N9 (A) virus in a human infection
during clinical treatment using droplet digital PCR. J. Virol. Methods 234, 22-27.
https://doi.org/10.1016/j.jviromet.2016.04.001.

Venugopal, K., 1999. Avian leukosis virus subgroup J: a rapidly evolving group of on-
cogenic retroviruses. Cab Rev. Perspect. Agric. Vet. Sci. Nutr. Nat. Resour. 67,
113-119.

Wang, Y., Zhu, S., Hong, W., Wang, A., Zuo, W., 2017. A multiplex PCR for detection of
six viruses in ducks. J Virol. Meth. 248, 172-176. https://doi.org/10.1016/j.
jviromet.2017.07.004.

Williams, S.M., 2016. A Laboratory Manual for the Isolation, Identification and
Characterization of Avian Pathogens (Ed. In Chief). 6" edition. ISBN:

11

Journal of Virological Methods 274 (2019) 113708

9780978916374.

WozZniakowski, G., Samorek-Salamonowicz, E., 2014. Direct detection of Marek’s disease
virus in poultry dust by loop-mediated isothermal amplification. Arch. Virol. 159,
3083-3087. https://doi.org/10.1007/s00705-014-2157-5.

Zhang, Y., Cui, N., Han, N., Cui, Z., Su, S., 2017. Depression of vaccinal immunity to
Marek’s disease by infection with Chicken Infectious anemia virus. Front. Microbiol.
8, 1-8. https://doi.org/10.3389/fmicb.2017.01863.

Zeng, T., Xie, Z., Xie, L., Deng, X., Xie, Z., Luo, S., Huang, L., Huang, J., 2015.
Simultaneous detection of eight immunosuppressive chicken viruses using a GeXP
analyser-based multiplex PCR assay. Virol. J. 12, 226. https://doi.org/10.1186/
$12985-015-0455-5.

Zhang, Y.F., Xie, Z.X., Xie, L.J., Deng, X.W., Xie, Z.Q., Luo, S.S., Huang, L., Huang, J.L.,
Zeng, T.T., 2015. GeXP analyzer-based multiplex reverse-transcription PCR assay for
the simultaneous detection and differentiation of eleven duck viruses. BMC
Microbiol. 15, 247. https://doi.org/10.1186/5s12866-015-0590-6.



