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ABSTRACT 

 Virulent Newcastle disease virus (vNDV) strains cause Newcastle disease (ND), a highly 

contagious viral disease of birds with significant economic losses to the global poultry industry. 

The global spread, constant evolution, varying virulence, and the wide host range of NDV are 

challenges to the control of ND. Since NDV is an RNA virus that has a high mutation rate, and 

with the historical precedent of NDV causing panzootics, there is an increased threat of panzootics 

and the potential for evasion of current diagnostic and control measures. The primary goal of this 

research was to develop and optimize sequencing protocols for detection and thorough 

characterization of NDV from different type of clinical samples. Therefore, we aimed to develop 

a target-independent sequencing protocol to use formalin-fixed paraffin-embedded (FFPE) tissues 

by using next-generation sequencing (NGS). Multiple complete genomes of NDV were obtained 

from different types of FFPE tissue samples. These genome sequences were used for enhanced 

phylogenetic resolution of ND outbreaks. Then we aimed to develop a pan-NDV specific 

sequencing protocol (AmpSeq) by using MinION Nanopore sequencing technology and a data 



analysis pipeline for detection, virulence prediction and preliminary pathotyping of NDV. Results 

demonstrated that this AmpSeq protocol was rapid, sensitive and accurately detected all 

representative genotypes and sub-genotypes of NDV. Overall, these sequencing protocols will help 

advance the detection and characterization of NDV isolates and aid in ND control measures 

worldwide. 

INDEX WORDS: Newcastle disease virus, Next-generation sequencing, Formalin fixed 

paraffin embedded, Evolution, Genome, MinION sequencing, 

Diagnostics, Clinical samples, Bioinformatics. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW  

Newcastle disease  

Newcastle disease (ND) is one of the most severe infectious diseases of poultry and is a 

major cause of economic losses to the poultry industry [1]. In 1926, ND was first described in 

outbreaks from two different regions of the world: the island of Java in Indonesia [2] and 

Newcastle-upon-Tyne in England [3]. In the subsequent years, this newly described disease was 

identified in the Philippines, India, Ceylon, Korea and Japan and the causative agent was named 

as Newcastle disease virus (NDV) [4]. In the 1930s, a relatively mild respiratory and neurologic 

disease was first described in California, USA, and named pneumoencephalitis [5]. The etiological 

agent for pneumoencephalitis was serologically compatible with NDV.  

In the next few years, several NDV isolates obtained from chickens around the world were 

found to produce mild or no disease at all, determining that there were different subtypes according 

to the grade of pathogenicity, as seen by clinical disease and mortality rates in chickens [6]. 

Newcastle disease viruses are a highly diverse group of viruses with two distinct classes and 19 

genotypes.  In addition to this genetic diversity, NDV has a diverse host range, including domestic 

and wild bird species and these viruses are also diverse in their virulence. This includes low 

virulent viruses, whose replication is limited to the respiratory and digestive tracts and which 

typically cause clinically inapparent infections, to highly virulent viruses that cause acute disease 

with high rates of mortality [1]. Endemicity of this virus in multiple countries is a major challenge 
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to global poultry production and at least four panzootics have been recognized since it was first 

identified [7]. Based on this impact, it is a notifiable disease to the World Organisation for Animal 

Health (OIE). 

Clinical presentation of Newcastle disease 

More than 240 avian species have been reported to be infected with NDV [8]; however, 

chickens are the most susceptible avian species to this virus. Clinical disease mainly depends on 

virulence of the NDV strain, tissue tropism of the virus, host species, route of exposure, viral load, 

immune status and environmental factors. General clinical signs of NDV infection include 

depression, loss of appetite, severe dehydration, emaciation and fever [6]. Birds infected with 

velogenic strains may result in sudden and high rates of mortality up to 100%, often with few 

clinical signs prior to death. The velogenic viscerotropic NDV causes severe respiratory clinical 

signs, edema, congestion of the face, conjunctivitis, diarrhea, muscular tremors, torticollis, 

paralysis of limbs and opisthotonos with a potential to cause 100% mortality in adult birds. With 

velogenic neurotropic NDV infections neurological signs are often more evident. Mesogenic NDV 

causes respiratory disease in adult chickens, with rare neurological signs, and sometimes death in 

young chickens. Usually, lentogenic strains of NDV do not cause disease, but on rare occasions, 

infections may result into respiratory disease in young birds [6].  

Newcastle disease virus  

Newcastle disease virus, synonymous with avian paramyxovirus-1 (APMV-1) (recently 

renamed as Avian Avulaviru-1) virions are generally spherical particles of 100–500 nm. NDV is 

a negative-sense, single-stranded, non-segmented, enveloped RNA virus of the order 

Mononegavirales, family Paramyxoviridae [9]. Historically, ND genotypes circulating between 
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1930–1960s, have a genome length of 15186, while NDV genotypes which emerged after 1960 

have a genome length of 15192 nucleotides (nt). One distinct group of NDV (Class I, discussed 

below) has a genome length of 15198. NDV genome encodes six structural genes - nucleocapsid 

protein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), hemagglutinin-

neuraminidase (HN), and RNA-dependent-RNA polymerase (L) [10]. The NP gene is involved in 

transcription, replication and encapsidation of the viral genome and protects it against RNAse 

activity. The P gene encodes phosphoprotein, which functions to avoid uncontrolled encapsidation 

and is essential for transcription and virus replication. The M gene encodes the matrix protein, 

which is involved in virus assembly. The F gene encodes the fusion protein, which is responsible 

for fusion of virion to the host cellular membrane allowing viral entry. The HN gene encodes for 

hemagglutinin-neuraminidase protein, which facilitates receptor-mediated attachment of viral 

particles to the host cell. The L gene encodes for the large polymerase protein, which is an RNA-

dependent RNA polymerase that is responsible for nucleotide polymerization, 5́ mRNA capping, 

methylation, and 3́ polyadenylation of mRNAs as required for synthesis of viral mRNAs and viral 

replication [6, 11, 12]. Additionally, the 3́ end of NDV genome has a 55 nt leader sequence and 

the 5́ end has a trailer sequence of 114 nt [13]. 

Pathotypes of NDV  

NDV pathogenicity is widely variable across different avian species and is dependent on 

viral genetics. NDV pathogenicity determination is an important step in both diagnostics and 

research to devise disease control strategy. NDV is classified into five recognized pathotypes based 

on severity and clinical presentation of disease [6, 14]. The “enteric asymptomatic NDV” 

replicates in the intestinal epithelium without causing any clinical signs related to infection. 
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Lentogenic NDV causes mild respiratory disease. Mesogenic NDV is characterized by low 

mortality rates in young birds and acute respiratory infection with occasional neurological signs. 

Viscerotropic velogenic NDV (vvNDV) produces acute disease with high rates of mortality and 

hemorrhages in multiple organs, especially the gastrointestinal tract. It may produce neurological 

signs such as torticollis and tremors. Neurotropic velogenic NDV (nvNDV) cause more severe 

neurologic signs and high mortality with fewer hemorrhagic lesions in the gastrointestinal tract 

[6].  

Molecular determinants of pathogenicity  

The genetic analysis of F gene sequence has revealed that virulence of NDV is primarily a 

function of the F gene sequence, with the amino acid sequence of the F protein cleavage site as the 

most predictive of potential pathogenicity of NDV strains (with the exception of Pigeon 

Paramyxovirus-1 in which F protein cleavage site is not always correlated with virulence) [15, 16]. 

For active viral infection, the inactive F protein precursor (F0) undergoes post-translational 

cleavage at site 117 into F1 and F2 by host cell proteases [11, 17]. A polybasic amino acid (3 or 

more) sequence at this cleavage site (113R-Q-R/K-R ↓ F117) results in velogenic and mesogenic 

NDV, as the ubiquitous furin-like endoproteases can mediate this cleavage. However, lentogenic 

NDV strains have a monobasic cleavage motif due to a leucine at position 117 (113K/R-Q-G/E-R 

↓ L117), which limits cleavage to trypsin, primarily present in the respiratory and gastrointestinal 

tissues [11, 15, 18-20]. The importance of fusion protein cleavage site in pathogenicity of NDV 

has been demonstrated by several experiments in which the F gene of lentogenic NDV was mutated 

to have the polybasic amino acid sequence, which resulted in increased virulence [21-24]. 

However, when the F gene from velogenic NDV was inserted into a mesogenic NDV, there was 
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no increase in the virulence, suggesting that there may be involvement of other virulence 

determinants of NDV. The HN protein may contribute to the virulence of virus [25-27]; however, 

the insertion of the HN proteins from the virulent strain Beaudette C into a LaSota Backbone did 

not increase the virulence of the virus [28] and neither did the insertion of the HN gene from 

virulent strains into a recombinant mesogenic NDV [26].  

Newcastle disease virus genotype classification  

 All avian paramyxoviruses 1 (APMV-1) belong to single serotype; however, only virulent 

strains of APMV-1 cause ND. Based upon the genetic analysis of NDV genome sequences and a 

proposed unified classification system based on complete coding sequence of F gene, there are 

two distinct genetically divergent groups of NDV. Class I isolates belong to single genotype 

(Genotype I), whereas class II isolates are further divided into 18 genotypes with their further sub-

genotypes [29]. Diel at al., proposed a minimum of 10% mean nucleotide distance of coding 

sequencing of F gene is required to be assigned to a different genotype and 3 % mean nucleotide 

difference to be assigned to a different sub-genotype [29]. 

Temporal, geographic and host range 

 In general, class I NDVs have been isolated from waterfowl, chickens, and shorebirds and 

class II NDVs have been repeatedly isolated from commercial and backyard chickens [7]. 

Although some of the genotypes of NDV are highly mobile and have been isolated across different 

continents (class I; class II genotype I, II, V, VI and VII), others have more limited geographical 

distributions (class II genotypes XI, XIII, XIV, XVIII). NDV genotypes have been isolated from 

chicken, duck and geese, shore birds and have been responsible for disease outbreaks in wild birds 

[7]. Predominantly, the low virulent class I viruses have been isolated from waterfowl and 
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shorebirds [30] and mesogenic viruses of class II genotypes V or VI have been isolated from 

cormorants and pigeons, compared to velogenic NDV (class II genotypes V-X) which are usually 

recovered from vaccinated commercial poultry [31]. 

Detection of NDV 

Virus isolation in specific pathogen free chicken embryonated eggs, virus neutralization 

assay for antigenic characterization, Intracerebral Pathogenicity Index (ICPI) for pathogenicity 

and RT-qPCR assays for sample screening purposes have been used over the past many years [32]. 

Conventional diagnostic tests that do not rely on nucleic acid such as hemagglutination and 

hemagglutination inhibition test to identify the virus as NDV in general and monoclonal antibodies 

(mAbs) have been used for detection and characterization of specifically class II NDV isolates. 

Other serological assays such as ELISA are also in use for determining antibody status as a result 

of vaccination in commercial poultry, but they have a limited role in surveillance studies. Virus 

isolation coupled with hemagglutination and hemagglutination inhibition assay is the “gold 

standard” in NDV diagnostics; however, these tests require samples containing live viruses and up 

to ten days to complete the procedure from sampling to results [33].  

Pan-NDV RT-qPCR assays  

Effective control of ND is dependent on rapid, sensitive, and specific diagnostic testing, 

which are typically oriented towards detection, genotyping, or prediction of virulence but most 

assays cannot accomplish all three tasks. Until recently, rapid diagnostic assays based on reverse-

transcription quantitative PCRs (RT-qPCR) targeting different regions of NDV genome (M, L, F 

genes) have been used to detect NDV, depending upon the purpose of the assay [32, 34, 35]. The 

M gene assay is used to identify APMV-1 from diagnostic clinical samples, while the F gene assay 
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is used to predict virulence (see “Molecular determinants of pathogenicity” above). These were 

developed to mainly detect class II NDV genotypes; however, the genetic variation also 

predisposes these PCR-based assays to false negative results due to mismatches between 

primers/probes and targeted nucleic acid sequences [36-38]. These assays were developed in 

response to the 2002 disease outbreak in California and were used for screening commercial 

poultry flocks. A new multiplexed M and L gene RT-qPCR (L-TET) was also developed to broadly 

detect class I and II NDV viruses, as L gene is more conserved region of NDV genomes. Although 

L gene targeted RT-qPCR assays have been developed for NDV detection, amplicons from this 

gene do not provide the virulence of detected NDVs [35]. 

RT-qPCR assays for virulent NDV isolates  

Since the main virulence determinant is located in the F gene, it is critical to determine the 

F gene cleavage site [15]; thus, the F gene RT-PCR was developed to detect virulent NDV in 

clinical samples. Although the F gene RT-PCR has been widely used as it was field validated 

during 2002 NDV outbreak in California, this assay failed to detect variants of NDV, i.e., pigeon 

paramyxovirus-1 (PPMV-1, an antigenic and host variant of avian paramyxovirus 1; genotype Vi). 

Therefore, redesigning and validation of primers for PPMV-1 has been performed [37]. For these 

reasons, genotypic characterization of NDV is commonly done by sequencing and phylogenetic 

analysis of the complete F gene [7, 29]. Complete genome characterization may allow more 

reliable evolutionary and epidemiological studies.  

Sanger sequencing for genotyping of NDV 

Genotyping of NDV is commonly achieved through sequencing of the coding sequence of 

the F gene [29], which also allows for prediction of virulence. Preliminary genotyping can be 
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accomplished through partial F gene sequencing (i.e., variable region) [30]. As discussed above, 

the rapid RT-qPCRs avoid the highly variable F gene and instead target more conserved regions 

of the genome (i.e., M and L genes) [32, 34, 35]. However, while this increases the applicability 

of these assays across genotypes, these assays lack applicability for virulence and genotypic 

determination. For example, while fusion-based assays can be used for detection [32], the 

variability of this region, which makes it useful for genotyping, hinders the universal applicability 

of any single primer set [37, 38]. Most common and current methods for detection, which include 

genotyping and virulence prediction, rely on Sanger sequencing. However, due to lack of 

multiplexing capability and limited sequencing depth, and potential for mixed infections, there is 

room to improve sequence-based diagnostic assays.  

Next generation sequencing  

DNA sequencing technology has been an important tool for virus characterization by 

providing information for molecular diagnosis. The high capacity of RNA viruses to mutate may 

result in a failure of target-specific PCR-based assays [37, 38]. Unlike traditional virus isolation 

and PCR-coupled Sanger sequencing, sequence-independent amplification will allow discovery of 

novel and unexpected viruses bypassing the isolation step [39]. Over the past few years with the 

growing applicability of next-generation sequencing (NGS) technology, different sequencing 

platforms have been developed and have become available. [40, 41]. This high throughput 

technology produces enormous amounts of sequencing data and provides deep insights into novel 

pathogens, analysis of intra-host genetic variation, and molecular epidemiology of viral infections 

[42]. Recently, application of metagenomic NGS has identified avian gamma coronavirus, 

orthoreovirus and a picobirnavirus in guinea fowl with fulminating disease [43, 44]. Similarly NGS 
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of enteric virome in turkey and chicken led to the discovery of novel avian picobirnaviruses and 

many undescribed picornaviruses, which might be helpful in understanding enteric disease 

performance-related problems [44]. Application of NGS revealed Poecivirus, a novel picornavirus, 

as candidate pathogen for the causative agent of avian keratin disorder in black capped chickadees 

[45]. Additionally, mammalian-like astroviruses were also detected from European rollers 

(carnivorous bird) [46]. These advancements of in NGS have significantly improved the ability to 

sequence full-length genomes using a non-targeted approach [47].  

Next-generation sequencing and NDV 

The use of random primers in a non-targeted sequencing approach is ideal for RNA viruses, 

which rapidly mutate resulting in the problems listed above for PCR and Sanger sequencing. 

Furthermore, recent studies have shown that the cost of NDV complete genome sequencing by 

NGS can be reduced approximately 10-fold by multiplexing samples in a single sequencing run 

using Illumine Miseq instrument [48]. Previously, NDV detection and genome characterization by 

NGS have been done on egg-passaged live virus [48]. There are limited reports on the application 

of NGS with formalin-fixed paraffin-embedded (FFPE) samples for infectious disease studies [49-

52]. Recently, we have published a retrospective study describing the molecular evolution of 

pigeon-adapted NDV in the U.S. using archived FFPE tissue samples from wild pigeons [53]. This 

approach, however, has not been tested to identify minor evolutionary changes or to trace the 

epidemiology of closely related isolates, as is often the case in endemic countries involved in 

intensive production of poultry. For example, recently reports showed that virulent NDVs have 

been circulating in Iran, a neighboring country of Pakistan, for the last two decades. A novel 
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virulent strain of NDV has been recently reported and epidemiological information indicates its 

relatedness to the NDVs circulating in neighboring countries of Pakistan [54, 55].  

Nanopore sequencing and virus diagnostics 

Rapid advances in nucleic acid sequencing, have led to different sequencing platforms [56, 

57] being widely applied for identification of novel viruses [60], whole genome sequencing [50], 

transcriptomics, and metagenomics [58, 59]. High capital investments and relatively long 

turnaround times have limited the widespread use of these next-generation sequencing (NGS) 

platforms, especially in developing countries [59]. Recent improvements in third-generation 

sequencing, including those introduced by Oxford Nanopore Technologies (ONT) [60], increase 

the utility of high-throughput sequencing as a useful tool for surveillance and pathogen 

characterization [61]. Nanopore sequencing technology is based on the threading of DNA through 

synthetic protein nanopores [62]. Among the transformative advantages of ONT’s sequencing 

technology are the ability to perform real-time sequence analysis with a short turnaround time [63], 

the portability of the MinION device, the low startup cost compared to other high-throughput 

platforms, and the ability to sequence up to several thousand bases from individual RNA or DNA 

molecules. The MinION device has been successfully used to evaluate antibiotic resistance genes 

from several bacterial species [64, 65], sequence complete viral genome of an influenza virus [66] 

and Ebola virus [67], and detect partial viral genome sequences (e.g., Zika virus [68] and 

poxviruses [63] by sequencing PCR amplicons). Based on the rapid developments in techniques, 

these DNA sequencing technologies will take infectious disease diagnostics a step further and 

expand the ability to perform rapid, unbiased vial diagnostics.  
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Virus detection and bioinformatics 

There is an increased dependence of data analysis on computational tools for accurate 

interpretation of sequencing data produced by the high throughput sequencing platforms [69]. The 

detailed review of bioinformatics tool for NGS [70] and for Nanopore sequencing [62] data have 

been reported before. The application of these tools is primarily dependent on the research question 

about the available sequencing data. Primarily, processing of sequencing data starts with 

generation of sequences, mapping and aligning of individual sequence reads to a reference and or 

de novo assembly in pathogen discovery situations. As the goal of sequencing of nucleic acid from 

clinical samples is, the precise determination of microbial population in samples, both, read-based 

and de novo assembly-based classifications have been used for taxonomic classification of 

microbial sequencing data. Read-based metagenomic classification software has been used for 

identification of microbial species from high-throughput sequencing data [71, 72]. There are 

multiple open-source and private software which are either standalone tools for metagenomic 

analysis of sequencing data, for example BLASTn [73], MEGAN [74] and Kraken [75]. Although 

the utility of these tools warrant the accuracy of results when input sequencing data is from next-

generation sequencing platforms where the sequencing error is very low (<0.01%), however, the 

single-read error rate of nearly 10% of MinION sequencing [76] may limit the accuracy of this 

approach for Nanopore sequencing data, especially when attempting to obtain subspecies level 

differentiation [71]. De novo approaches that use quality-based filtering and clustering of reads, 

or use consensus-based error correction of Nanopore sequencing reads have been reported [77]. 

There are many web-based, open source data analysis platforms, such as Galaxy [78] and 

commercial software such as Geneious®, which have integrated multiple computational tools to 
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get meaningful results from sequencing data. Different research groups have developed home 

based optimized computational pipelines for NGS and MinION sequencing data analysis [48, 61, 

79, 80]. 

 

The global spread, constant evolution, varying virulence, and the wide host range of NDV 

are challenges to the control of ND [7]. The wide host range along with the enormous genetic 

diversity of NDV creates challenges for current rapid diagnostic assays and may pose an increased 

threat of panzootics. Reliable and affordable epidemiologic tools are needed to improve the 

management of ND and other infectious diseases.  

In the first study, the aim was to sequence and characterize the genomes of NDV directly 

from clinical FFPE tissue samples by using NGS and to use the obtained data to infer the 

epidemiology of closely related isolates. This method did not include any procedure to target NDV 

specifically (e.g., sequence-based capture) or to enrich for viral nucleotides generally (e.g., 

depletion of host ribosomal RNA). This study demonstrates the ability of NGS, assisted by a 

customized bioinformatics pipeline, to assemble nearly complete NDV genomes from FFPE 

tissues and that those genomes are suitable for improved phylogenetic differentiation between 

closely related NDV isolates. 

In the second study, the aim was to develop and optimize a specific, sensitive, and rapid 

protocol, using the MinION sequencer, to detect representative isolates from all currently 

circulating (excluding the Madagascar-limited genotype XI) genotypes of NDV. This protocol was 

also tested on clinical swab samples collected from chickens during disease outbreaks. 
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Additionally, a Galaxy-based, de novo AmpSeq workflow is presented that results in accurate final 

consensus sequences allowing for accurate genotype and virulence prediction.  
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Abstract 
 

Highly virulent Newcastle disease virus (NDV) causes Newcastle disease (ND), which is a threat 

to poultry production worldwide. Effective disease management requires approaches to accurately 

determine sources of infection, which involves tracking of closely related viruses. Next-generation 

sequencing (NGS) has emerged as a research tool for thorough genetic characterization of 

infectious organisms. Previously formalin-fixed paraffin-embedded (FFPE) tissues have been used 

to conduct retrospective epidemiological studies of related but genetically distinct viruses. 

However, this study extends the applicability of NGS for complete genome analysis of viruses 

from FFPE tissues to track the evolution of closely related viruses. Total RNA was obtained from 

FFPE spleens, lungs, brains, and small intestines of chickens in 11 poultry flocks during disease 

outbreaks in Pakistan. The RNA was randomly sequenced on an Illumina MiSeq instrument and 

the raw data were analyzed using a custom data analysis pipeline that includes de novo assembly. 

Genomes of virulent NDV were detected in 10/11 birds: eight nearly complete (>95% coverage of 

concatenated coding sequence) and two partial genomes. Phylogeny of the NDV complete genome 

coding sequences was compared to current methods of analysis based on the full and partial fusion 

genes and determined that the approach provided a better phylogenetic resolution. Two distinct 

lineages of sub-genotype VIIi NDV were identified to be simultaneously circulating in Pakistani 

poultry. Non-targeted NGS of total RNA from FFPE tissues coupled with de novo assembly 

provided a reliable, safe, and affordable method to conduct epidemiological and evolutionary 

studies to facilitate management of ND in Pakistan.  

.  
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Introduction 

Newcastle disease (ND) is a significant worldwide disease of poultry caused by virulent 

strains of Avian avulavirus 1 (AAvV-1), commonly known as Newcastle disease virus (NDV) [1-

3]. Endemicity of this virus in multiple countries is a major challenge to global poultry production 

and at least four panzootics have been recognized since it was first identified in the 1920s [4-6]. 

Reliable and affordable epidemiologic tools that can use tissues transported in a safe and 

convenient manner across international boundaries are needed to improve the management of ND 

and other infectious diseases. 

Newcastle disease virus is a negative-sense, single-stranded, non-segmented, enveloped 

RNA virus of the Paramyxoviridae family [1]. The genome of NDV is approximately 15 kb and 

encodes six structural gene products: nucleocapsid protein (NP), phosphoprotein (P), matrix 

protein (M), fusion protein (F), hemagglutinin-neuraminidase (HN), and RNA-dependent-RNA 

polymerase (L) [7]. The amino acid sequence of the F protein cleavage site is a major molecular 

determinant of pathogenicity and virulence of NDV. Virulent NDVs have multiple (3 or more) 

basic amino acids (112R/K-R-Q-R/K-R↓F117) at the F protein cleavage site and phenylalanine at 

position 117 [8]. Sequencing of the F gene and other gene segments has been used to predict viral 

virulence and to study epidemiology and evolution; however, this and other targeted methods have 

limitations in comparison to random complete genome sequencing. 

Genotypic characterization of NDV is commonly done by sequencing the complete F gene [9]; 

whereas, complete genome characterization may allow more reliable evolutionary and 

epidemiological studies. The commonly used Sanger sequencing with overlapping primers for 

complete genome sequencing has significant limitations such as high cost, reduced output, long 
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turnaround time, and is dependent on pre-existing knowledge of the genetic makeup of the viruses 

[10-12] making this an impractical method for full genome sequencing. 

Shipping and testing samples with live NDV is problematic because virulent NDV is classified 

as a select agent in many countries and working with live select agent demands extensive safety 

precautions (BSL-3 laboratories), expensive transportation, and special permissions. In contrast, 

formalin fixation inactivates infectious agents; thus, formalin-fixed paraffin-embedded (FFPE) 

tissues can be easily, safely, and affordably transported across boundaries and processed in a 

biosafety level 1 laboratory [13]. Additionally, formalin-fixation is the gold standard for 

pathologic preservation and FFPE tissues allow for a full pathologic analysis of the tissue, which 

will provide a better list of differential diagnoses. As such, FFPE tissues are universally collected 

clinical samples for routine histopathology [14]. Flinders Technology Associates filter papers 

(FTA® cards) have been used for hazard-free handling of sample and detection of NDV by RT-

PCR [15], and while these show promise for full-genomic characterization of infecting viruses 

(https://www.ncbi.nlm.nih.gov/pubmed/28684566), FTA cards are limited to genetic analysis 

only, which prevents broader testing that is often required in a diagnostic setting when samples are 

collected prior to a definitive diagnosis. Immunohistochemistry (IHC), targeting nucleocapsid 

protein of NDV as an antigen within FFPE tissues samples, has been used in experimental studies 

to demonstrate tissue tropism of NDV [16]; however, it does not provide as complete, sensitive, 

or specific characterization of the NDV as nucleic acid-based methods [13].  

The advancement of massively parallel sequencing (next-generation sequencing; NGS) has 

significantly improved the ability to sequence full-length genomes using a non-targeted approach 

[17]. The use of random primers in a non-targeted sequencing approach is ideal for RNA viruses, 
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which rapidly mutate resulting in the problems listed above for PCR and Sanger sequencing. 

Furthermore, recent studies have shown that the cost of NDV complete genome sequencing by 

NGS can be reduced approximately 10-fold by multiplexing samples in a single sequencing run 

[10]. Previously, NDV detection and genome characterization by NGS have been done on egg-

passaged live viruses [10]. There are limited reports on the application of NGS with FFPE samples 

for infectious disease studies [18-21]. Recently, a retrospective study describing the molecular 

evolution of pigeon-adapted NDV in the U.S. using archived FFPE tissue samples from wild 

pigeons was reported [22]. This approach, however, has not been tested to identify minor 

evolutionary changes or to trace the epidemiology of closely related isolates, as is often the case 

in endemic countries involved in intensive production of poultry. For example, recently reports 

showed that virulent NDVs have been circulating in Iran, a neighboring country of Pakistan, for 

last 21 years. A novel virulent strain of NDV has been recently reported and epidemiological 

information indicates its relatedness to the NDVs circulation in China which is also a neighboring 

country of Pakistan [6, 23, 24]. Due to the endemicity of NDV in Pakistan and the presence of 

constantly evolving genotypes VIIi in neighboring countries of Pakistan, clinical samples from 

Pakistan were chosen to test the ability of this method to identify minor evolutionary changes. 

The aim of the current study was to sequence and characterize the genomes of NDV 

directly from clinical FFPE tissue samples by using NGS and to use the obtained data to track the 

epidemiology of closely related isolates. This method did not include any procedure to target NDV 

specifically (e.g., sequence-based capture) or to enrich for viral nucleotides generally (e.g., 

depletion of host ribosomal RNA). This study demonstrates the ability of NGS, assisted by a 

customized bioinformatics pipeline, to assemble nearly complete NDV genomes from FFPE 
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tissues and that those genomes are suitable for improved phylogenetic differentiation between 

closely related NDV isolates.  

Materials and methods 

Sample collection and processing 
 

Thirty-six FFPE field tissue samples (spleen, lung, brain, and small intestine) collected in 

2015 from 11 chickens during disease outbreaks in 11 poultry flocks in five different regions of 

the Pakistani Punjab province were used in this study (Table 2.1). Collected tissues were fixed for 

24 to 48 hours in neutral-buffered 10% formalin within 4 hours of collection. Fixed tissues were 

embedded in low-melt paraffin following routine procedures [25]. These paraffin blocks were 

stored at room temperature and subsequently shipped without refrigeration to the Southeast Poultry 

Research Laboratory of the USDA, Athens, Georgia, USA, for NDV characterization. 

Immunohistochemistry assay  

Immunohistochemistry was performed to detect NDV nucleocapsid protein in tissue 

samples (spleen, lung, brain, and small intestine). Briefly, sections of 3 µm thickness were cut and 

immunostained with monoclonal antibodies directed against NDV nucleocapsid protein using 

alkaline phosphatase method as described previously [26]. Immunostained sections were 

microscopically evaluated and the samples were scored as negative or positive. 

RNA extraction 
 

For each sample, six 10-μm thick tissue sections were cut and collected in one 1.5 ml 

centrifuge tube and immediately deparaffinized by CitriSolvTM (VWR International, USA). Before 

and after collecting tissue sections from each sample, the microtome blade was decontaminated 

with RNase Away (Sigma, USA) to avoid cross-contamination between samples. Total RNA was 
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extracted using the RNeasy FFPE Kit (Qiagen, USA) as per manufacturer’s instructions and 

quantified using the Qubit® RNA HS Assay Kit on a Qubit® fluorometer 3.0 (ThermoFisher 

Scientific, USA). The purity of RNA (a ratio of absorption at 260 nm and 280 nm wavelength, 

A260/280) was measured on a NanoDrop Spectrophotometer 2000/2000c (ThermoFisher Scientific, 

USA). Fragment size of RNA was determined using the RNA 6000 Pico kit on an Agilent 

Bioanalyzer® instrument (Agilent Technologies, USA) as per manufacturer’s instructions.  

NGS library preparation 
 

DNA Libraries for NGS sequencing were prepared using the KAPA Stranded RNA-Seq 

Library Preparation Kit for Illumina platforms (Kapa Biosystems, USA) following manufacturer’s 

instructions. Briefly, the protocol involved synthesis of first strand and second strand of DNA from 

total extracted RNA by using random primers, marking and A-tailing of cDNA fragments and 

ligation of unique adapters allowing indexing of each sample for multiplexing purposes. Finally, 

bead-purified adapter-ligated libraries were amplified with PCR (12 cycles) using library 

amplification master mix provided with the kit. The Qubit® fluorometer 3.0 was used to quantify 

dsDNA concentration in libraries using the dsDNA High Sensitivity Assay kits (ThermoFisher 

Scientific, USA). The average DNA fragment size in each library was determined using the High 

Sensitivity DNA kit in the Agilent Bioanalyzer®. To facilitate uniform clustering during 

sequencing process in the MiSeq flow cell, libraries with an average DNA fragment size of 240 to 

300 bp and a concentration greater than 3 ng/μl were used. The prepared libraries were diluted to 

4 nM. Five microliters of each library were pooled and denatured with NaOH (0.2 N final 

concentration). After 5 minutes of incubation at room temperature, the pool was further diluted to 

20 pM concentration with chilled HT1 hybridization buffer (Illumina, USA). Using the same 
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buffer, the final concentration of the library pool was diluted to 10 pM. A control library (3% 

PhiX174, Illumina, USA) was added and the pool was chilled on ice. The paired-end sequencing 

was conducted on an Illumina MiSeq instrument using a 300 cycle (2 × 150) MiSeq Reagent Kit 

v2 (Illumina, USA). After automated cluster generation in MiSeq, the sequencing reads were 

demultiplexed based on their unique adapter. 

Genome assembly  

Pre-assembly processing from read quality assessment to digital normalization was 

conducted as previously described [10] using Fast QC [27], Cutadapt v1.6 (TruSeq LT index 

sequences were used as reference file the study herein) [28], BWA-MEM v0.2.1 [29], Filter 

sequencing by mapping v0.0.4 tool ( 

https://github.com/peterjc/pico_galaxy/tree/master/tools/seq_filter_by_mapping), an in-house 

tool for forward and reverse read re-synchronization (https://github.com/jvolkening/b2b-utils), 

PEAR v0.9.6.0 [30], and Khmer package v1.1-1 [31]. De novo assembly of the filtered, trimmed 

and synchronized reads was performed with MIRA assembler v3.4.1 [32]; however, to account for 

the relatively low number of NDV reads, as compared to egg-grown NDV samples from the 

previous study [10], the following parameters for de novo assembly were changed: minimum 

number of reads required to build a contiguous sequence = 5, minimum overlap = 10, contig length 

cut off = 60 bp, default values were used for the rest of the settings. The assembled contigs were 

aligned to the NCBI nt database (accessed on 15 September 2017), using BLASTn (cut off E value 

= 0.001) and the best hit was further used as the reference genome. As previously described [10], 

the final consensus sequence was obtained by processing the trimmed and un-normalized reads 

(after read re-synchronization) through BWA-MEM [29] (using the BLASTn-defined genome as 
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the reference) and an in-house tool for parsing (https://github.com/jvolkening/b2b-utils). In 

addition, when a bird had multiple tissues with NDV, the raw sequence data from those differing 

tissue samples were merged and re-analyzed again using the same bioinformatics workflow to see 

if there is any difference in depth and percentage of genome coverage on a per-tissue basis versus 

a per-bird basis. Tissues were considered NDV positive by NGS if at least one contig hit to NDV 

(see BLASTn step above) 

Phylogenetic analyses  

The final consensus sequences were aligned using ClustalW [33] and the concatenated 

complete genome coding sequences (CDS) were used for nucleotide (nt) distance estimation to 

closely related NDV isolates obtained from GenBank using MEGA6 [34] and the Maximum 

Composite Likelihood model [35]. Consensus sequences from six birds in this study (for which 

complete genome coding sequences were obtained), 32 sequences of sub-genotypes of genotype 

VII obtained from GenBank were used for final phylogenetic tree construction (See Table S2.1). 

Determination of the best-fit substitution model was performed using MEGA6, and the goodness-

of-fit for each model was measured by corrected Akaike information criterion (AICc) and 

Bayesian information criterion (BIC) [34]. The final tree was constructed using the maximum-

likelihood method based on the General Time Reversible model as implemented in MEGA6, with 

500 bootstrap replicates [36]. Additionally, two more datasets were parsed from the initial dataset 

– one containing the complete fusion gene coding sequences and one with the first 375 nucleotides 

of the fusion gene coding sequences (denoted as “partial fusion gene sequence”), both regions 

being commonly used in phylogenetic analyses and epidemiological studies [9, 37]. Nucleotide 

distance estimation was performed as described above and bootstrap maximum-likelihood 
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phylogenetic trees based on the Tamura 3-parameter (Tamura, 1992) were constructed using these 

smaller datasets utilizing MEGA6. 

Accession numbers 

The sequences obtained in the current study were submitted to GenBank and are available 

under the accession numbers from MG200021 to MG200026.  

Statistical analyses 

Statistical analyses were performed in JMP Pro Version 13.2. Chi-square test (a 

contingency table 2 × 4) was performed to determine whether frequency of NDV identification by 

NGS is significantly different between different tissue types. In addition, a one-way-ANOVA by 

ranks Kruskal Wallis H test was performed to determine if mean percentage genome coverage is 

significantly different between different types of tissue.  

 

Results 

Immunohistochemistry 

  Thirty-six FFPE tissues (spleen, brain, lung, and small intestine) were examined by IHC 

with a primary monoclonal antibody to detect NDV nucleoprotein (Table 2.2, Fig. S2.1). At least 

one tissue per bird was positive by IHC. Of 36 tissue samples, 31 were IHC positive for NDV 

nucleocapsid protein and five samples were IHC negative.  

 
RNA isolation and evaluation 

 Total RNA from thirty-six tissue samples was extracted with RNA concentrations of 15.8–

84 ng/µl. The 260/280 ratios were 1.9–2.03, and the RNA integrity number (RIN) values were 

1.7–6.5 (see Table S2.2 for details). 
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Next-generation sequencing and genome assembly 

Raw read analysis  

 Five of the prepared thirty-six libraries did not meet the criteria (see materials and methods) 

set for library quality and were not submitted for sequencing. Suboptimal read generation was 

observed for sample 1163-spleen. Only 928 total reads (0.005% of the raw reads) were assigned 

to this sample and its reads were not included in downstream data analysis. Multiplexed NGS of 

the remaining 30 tissue samples generated a total of 19,078,363 raw reads (255,408 to 4,797,051 

per sample). A total of 166,084 reads (237 to 47,742 per sample) remained after filtering out the 

host genome and PhiX control reads (Table 2.2). NDV reads were a small fraction of the total 

reads obtained (0.01%–1.9% per positive sample). Approximately 91–99% of the total raw reads 

mapped to the chicken genome. However, the chicken reads were filtered out for the purposes of 

this study. The reads that mapped to bacterial genome were also filtered out. These values are not 

presented in the results. 

NDV contigs: Per tissue 

 Results were initially analyzed on a per tissue basis. By employing de novo assembly 

coupled with reference-based consensus re-calling, NDV contigs (NDV positive) were obtained 

from 64.5% (20/31) of the sequenced tissue samples (55.6% [20/36] of the total extracted), with 

NGS-positive samples having 179–44,525 NDV reads per positive sample. In 14 of the tissue 

samples, the NDV genome coverage was greater than 90% (91.75%–99.84%) (Table 2.2). 

Although NDV was identified by NGS in more lung tissues (72.7%) compared to other tissues 

(spleen = 62.5%, brain = 62.5%, and small intestines = 50%), these differences were not 

statistically significant (χ2 chi-square test = 0.721; p = 0.8684,  = 0.05). In terms of genome 
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recovery among different tissues types (Table 2.2), mean percentage genome coverage was not 

significantly different among different tissue types (Kruskal-Wallis statistic = 0.9916, p = 0.8033, 

 = 0.05). Additionally, no nucleotide differences were identified between sequences obtained 

from different tissues of a same bird (data not shown). 

NDV contigs: Per bird 

 Since identical consensus sequences were identified among different tissues, the raw reads 

from different tissues of the same bird were merged so that the data could be analyzed on per-bird 

basis. NDV contigs were assembled from these data in 91% of the birds (10 out of 11 birds) with 

191–54,086 NDV reads per bird When the raw sequence data obtained from different tissues of 

the same bird were merged, in 9 out of the 11 birds, the genome coverage was greater than 90% 

(91.87 to 99.83%). The mean depth of each assembled genome per bird ranged from 4 to 513 in 

the 9 out of 10 NGS-positive birds that had > 90% genome coverage. In one bird (#1171) that was 

NGS positive, the genome coverage was 45.02% with a max depth of 7× (See Table 2.3). 

Phylogenetic analyses 

Complete coding sequences analysis  

 The complete coding sequences of all six genes were obtained from six of the eleven birds 

and the complete fusion gene coding sequence was obtained from eight of the eleven birds. The 

deduced amino acid sequence of the fusion cleavage site for all sequences was specific for virulent 

viruses (113RRQKR↓F117, with the exception of sample #1168 that had 113RRQRR↓F117) (See 

supplementary Table 2.3). The nucleotide distances between the studied sequences and GenBank 

sequences were estimated. Most of the studied sequences were very closely related to each other 

(99.7% mean identity within them), except one (#1168) that was 1.5% distant. This first group of 
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sequences was most closely related (99.3–99.4%) to sequences from viruses isolated from a variety 

of species (chickens, pigeons, and peacock) from Pakistan in 2014 and 2015. The sequence that 

was more genetically distant (#1168) was closely related (99.2–99.4%) to sequences from viruses 

isolated from varying species (chickens, parakeets, pigeon, duck) in Pakistan in 2015 and 2016. 

Also, NDV isolates in this study had nucleotide distance of 1.2% from previously reported sub-

genotypes VIIi and (See supplementary Table 2.4). To further confirm the evolutionary 

relationship between the NDV sequences studied here and sequences available in GenBank, 

phylogenetic analysis using the complete genome concatenated CDS was performed. In the created 

phylogenetic tree, the isolates studied here expectedly grouped together within sub-genotype VIIi 

with the viruses that showed highest nucleotide sequence identity to them (Fig. 2.1A). Taken 

together, the results from the distance analysis and the phylogenetic tree demonstrated that all 

sequences obtained from field FFPE tissue sample from diseased chicken in Pakistan in 2015 

belong to NDV class II sub-genotype VIIi. In addition, two separate branches of isolates were 

identified in the tree. To assess the genetic diversity within sub-genotype VIIi, the nucleotide 

distance between the sequences in these two branches was estimated and they were found to be 

less closely related (1.2% nucleotide distance) 

Complete and partial fusion gene coding sequences analysis 

 The evolutionary history was also inferred by phylogenetic analysis using the smaller 

datasets (same taxa as in the CDS analysis) comprising the complete F gene coding sequences 

(Fig. 2.1B) and the partial F gene coding sequence (Fig. 2.1C) and the results were compared to 

those of the complete genome sequences (Fig. 2.1A). The overall phylogenetic topology based on 

partial or complete F gene coding sequence analyses was consistent with phylogenetic grouping 
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observed in analysis based on complete genome coding sequences. However, when the complete 

genome CDS were used for the analysis, higher bootstrap values were observed as compared to 

those in the partial and complete F gene coding sequences. In addition, sequences that appeared 

identical in the partial and complete fusion gene sequences analyses 

(MG200022/chicken/Pakistan/Kassur/1165/966/2015 and 

MG200026//chicken/Pakistan/Gujranwala/1174/978/2015 [bold and red], 

KX268688//parakeet/Pakistan/Rawalpindi/SFR-RP15/2015 and KX791183/parakeet/Pakistan/R-

Pindi/SFR-16/2016 [bold font and blue], KX268689/parrot/Pakistan/Lahore/SFR-129/2015 and 

KX268691/parakeet/Pakistan/Lahore/SFR-148A/2015 [bold font and brown], 

KU885948/peacock/Pakistan/MZS-UVAS/2014 and 

KY076037/chicken/Pakistan/Buner/KPK/5A/1004/2015 [bold font and green]) (Fig. 1B and 1C) 

and had 100% nucleotide identity between them, were readily differentiated in the complete 

genome tree and had nucleotide distances ranging from 0.1 to 0.34%. To specify the genomic 

regions that readily differentiated NDV isolates that were 100% identical in the fusion protein gene 

based phylogeny, a pairwise comparison of nucleotide sequences of all six genes of these isolates 

(MG200022 vs MG200026, KX268691 vs. KX268689 and KY076037 vs. KU885948) was 

performed (See Table 2.4). It was observed that in MG200022 vs MG200026 comparison, 

phosphoprotein gene contributed highest variation (0.4%) followed by Hemagglutinin (HN), 

polymerase (L), matrix (M) and nucleoprotein (NP). The HN and L genes contributed most of the 

variation (0.5%) followed by P gene (0.3%) when a comparison of KX268691 vs. KX268689 was 

made. 
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Discussion 

The feasibility of using FFPE tissues to sequence NDV complete genomes and to conduct 

evolutionary and epidemiological studies of closely related NDV-infected field tissue samples has 

been shown. The phylogenetic analyses confirmed that the detected viruses belonged to the 

virulent sub-genotype VIIi. Furthermore, this study demonstrates that the phylogenetic results 

from concatenated complete coding sequences obtained from FFPE tissues provide better 

resolution compared to individual or partial genes and is sufficient to demonstrate viral evolution 

that would otherwise remain unnoticed because of the limited genomic fragments analyzed. This 

is also the first use of NGS to characterize NDV genomes from FFPE tissue samples collected 

during recent disease outbreaks in commercial poultry. Additionally, some variants of NDV, 

including pigeon paramyxoviruses (PPMVs), are virulent without the polybasic amino acids at the 

Fusion protein cleavage site, as some of the PPMVs have shown increased virulence to chickens 

after only a few passages and without any change in the F gene coding region. In addition, 

replacing the F gene of the avirulent pigeon-adapted NDV with virulent NDV failed to produce 

virulent chimeric viruses. These observations underscore the importance of other genes in 

determining the virulence of NDV [39]. Therefore, these observations highlight the need and utility 

of complete genome analysis of field isolates. 

As an example of the utility of this protocol, evolutionary and phylogenetic analyses were 

conducted. First, it was confirmed that the detected viruses belonged to the virulent sub-genotype 

VIIi, which is currently circulating in Pakistan [40-42]. Furthermore, two lineages of sub-genotype 

VIIi NDV were identified. The phylogenetic analysis showed clear separation of sequences from 

Pakistan isolated between 2014 and 2016 into two independent branches based on the complete 
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coding sequences. While both groups of viruses were simultaneously circulating in geographically 

close areas, the genetic distance of 1.4% between them suggests at least 15 years of independent 

evolution of these two groups [43]. These findings demonstrate no direct, or very distant, 

epidemiological link between the viruses in these two groups. For example, they may represent 

two separate introductions events of NDV into Pakistan that evolved elsewhere or that they 

evolved locally from a common, unidentified ancestor introduced earlier in the region. Wajid and 

co-authors have recently reported the simultaneous circulation of sub-genotype VIIi virulent NDV 

in various poultry and non-poultry avian species in Pakistan based on complete F gene analyses 

[42]. While no particular interdependence among the hosts affected by ND was observed, the role 

of non-poultry species in the epidemiology and endemicity of NDV in Pakistan was confirmed.  

The investigation of the epidemiologic link between highly related NDV viruses is of vital 

importance especially in closely located geographical regions where ND has acquired endemicity 

[6, 23, 24]. A phylogenetic analysis of the complete F gene assisted with evolutionary distances 

has been proposed previously for accurate classification of NDV genotypes [9]. In this study, the 

general separation of the sequences into major branches was consistent across the three different 

phylogenetic analyses. However, a better resolution in terms of higher bootstrap values of highly 

related NDV isolates were observed in the phylogenetic analysis based on complete genome 

coding sequences of NDV. In addition, the complete genome CDS analysis allowed the 

differentiation of viruses, which was otherwise impossible using only the complete or partial 

fusion gene sequences. These findings suggest the application of paraffin-embedded tissues from 

outbreaks to track epidemiologically very closely related viruses. Although, the utility of NGS to 

sequence complete genomes of NDV from clinical FFPE tissue samples was described here, the 
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utility of this method in diagnostic settings would require further testing to more rigorously 

establish sensitivity, specificity and limit of detection, which is beyond the scope of the current 

study. 

In the evaluation of per-tissue percentage genome assembly of NDV, all four tissue types 

showed different genome assembly percentages. While the sample size for any given tissue was 

relatively low, no statistically significant difference was identified in the frequency of positivity 

between the tissue types. This is consistent with, Barbezange and Jestin, which reported that RT-

PCR showed no differences in the rate of NDV detection between lung, brain, trachea and spleen 

[44].  

As described earlier, there was no difference between consensus sequences from different 

tissues of the same host; however, low sequencing depth and generation of short reads are 

limitations that currently prevent this approach from being used to study viral quasispecies 

diversity within clinical FFPE tissue samples from the same host. As the focus of this study was 

on consensus-level genome analysis, future studies are required to determine if altered protocols 

(e.g., targeted sequencing, increased depth of sequencing, etc.) could be used for the investigation 

of tissue effect on quasispecies diversity or similar question involving small genetic differences 

between sequences.  

In this study, without any enrichment procedure for viral RNA, partial to complete AAvV-

1 genomes coding sequences were assembled from archived FFPE tissues collected in 2015 from 

chickens during disease outbreaks. Genome assembly was up to 100% of the protein coding 

sequences and up to 99.81% of the complete genome of AAvV-1. These data suggest the feasibility 

of using FFPE tissue samples to sequence complete AAvV-1 genome for epidemiological studies 
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of closely related virus isolates. Using FFPE tissues for direct sequencing of AAvV-1 is 

advantageous due to the fact that they can easily be transported as pathogens are inactivated make 

them available to transport across countries for research. As formalin fixation of tissues affect 

nucleic quality, DV200 values (estimated by Bioanalyzer) represent relative amounts of RNA 

fragments > 200 bp and may be an adequate predictor of RNA quality from FFPE tissue samples 

and may be evaluated in the future studies involving FFPE tissue samples. FTA® cards have also 

been used for hazard-free sample handling and evaluated for successful NDV detection [15], 

provide a method to inactive samples and are aimed at preserving nucleic acid integrity; however, 

the use of FTA cards by practicing clinicians, especially for animal pathogens is currently limited. 

Formalin-fixed tissues remain a standard sample as it allows for numerous diagnostic assays, 

which is valuable especially when there is no clinical diagnosis. 

Conclusion  

In conclusion, using FFPE tissues for direct sequencing of NDV genome is useful because 

FFPE tissues can be conveniently and affordably transported, due to pathogen inactivation, and 

because FFPE tissues are the primary means of preserving tissue for routine diagnostic and 

pathologic testing and for historical archival. This study demonstrates the capability of full-

genome epidemiologic investigations in FFPE samples. The use of random sequencing coupled 

with absence of any virus enrichment procedure make this technique likely to be applicable to 

sequence virus genomes from clinical FFPE tissues in other viral infections. Additionally, the 

results demonstrate that sub-genotype VIIi viruses are still circulating and evolving in Pakistan 

after they were first identified in the country in 2011 and support that active epidemiologic 

surveillance for NDV is needed.  
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Table 2.1. Background information of 36 field FFPE tissue samples collected from different 

regions of Pakistan during disease outbreaks in 2015. 

Sample ID Collected organs No. of samples Breed of chicken Location 

1162 spleen, lung, small intestine 3 Broiler chicken Kassur 

1163 spleen, lung, brain 3 Broiler chicken Lahore 

1164 spleen, lung, brain, small intestine 4 Desi chicken Lahore 

1165 spleen, lung, brain 3 Broiler chicken Kassur 

1166 spleen, lung, brain 3 Broiler chicken Kamoki 

1168 spleen, lung, brain, small intestine 4 Broiler chicken Sheikhupura 

1170 spleen, lung, brain, small intestine 4 Broiler chicken Lahore 

1171 spleen, lung, brain 3 Broiler chicken Sheikhupura 

1172 spleen, lung, brain 3 Broiler chicken Lahore 

1173 lung, brain, small intestine 3 Desi chicken Gujranwala 

1174 lung, brain, small intestine 3 Broiler chicken Gujranwala 
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Table 2.2. Summary of sequencing and IHC data of 31 field FFPE tissue samples collected from 

different regions of Pakistan during disease outbreaks in 2015 

Samples 
IHC 
(+/-) 

Raw 
read 
pairs 

Filtered 
read 

pairsa 

De novo 
NDV 

detection 
by contig 
(Yes/no) 

Number 
of reads 
for 
contig 

NDV 
reads 
(% of 
raw 
read 

pairs)  

Percent 
genome 
coverage SEPRL ID Tissue 

1162-L Lung + 386682 31630 Yes 791 0.20 94.92 
1162-SI S. Intestine - 372467 1349 No NA NA NA 
1163-SPb Spleen + 928 6 No NA NA NA 
1163-L Lung + 395061 808 No NA NA NA 
1163-B Brain + 385336 939 Yes 577 0.15 91.75 
1164-SP Spleen + 441166 1194 Yes 346 0.08 77.71 
1164-L Lung + 351767 6158 Yes 5383 1.53 99.72 
1164-Bc Brain + 366257 394 No NA NA NA 
1165-SP Spleen + 407295 3253 Yes 884 0.22 93.26 
1165-Lc Lung + 399209 1582 No NA NA NA 
1165-B Brain - 316718 13426 Yes 6033 1.90 99.72 
1166-SP Spleen + 4797051 47742 Yes 44525 0.93 99.84 
1166-L Lung + 1616222 14386 Yes 9358 0.58 99.81 
1166-B Brain - 394885 5023 Yes 203 0.05 53.67 
1168-SP Spleen + 445743 662 Yes 308 0.07 61.56 
1168-L Lung + 398836 1676 Yes 255 0.06 55.27 
1168-B Brain + 322405 5281 Yes 3801 1.18 99.77 
1168-SI S. Intestine + 414401 3595 Yes 3100 0.75 99.47 
1170-SP Spleen + 592168 1087 Yes 768 0.13 94.67 
1170-L Lung + 545772 4250 Yes 2626 0.48 99.72 
1170-B Brain + 411037 5430 Yes 761 0.19 96.29 
1170-SI S. Intestine + 2006616 2589 Yes 197 0.01 51.17 
1171-SPc Spleen + 530855 237 No NA NA NA 
1171-L Lung + 389248 1347 Yes 179 0.05 42.00 
1172-SPc Spleen + 315083 380 No NA NA NA 
1172-Lc Lung + 455865 1008 No NA NA NA 
1172-B Brain - 442780 1086 No NA NA NA 
1173-L Lung + 273342 2236 Yes 1057 0.39 98.06 
1173-SIc S. Intestine + 373069 2256 No NA NA NA 
1174-L Lung - 255408 4670 Yes 2533 0.99 99.80 
1174-B Brain + 275619 410 No NA NA NA 

 
a the number of paired reads after filtering out host (Gallus gallus 5.0) and internal control (PhiX) reads 
b Suboptimal read generation was observed from #1163-spleen 
c IHC-positive cells ranged from 10 to 200 per studied tissue section.  
NA = not applicable 
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Table 2.3 Summary of genome assembly and sequencing data and from each of the 10 NDV positive birds. 
 

SEPRL 
Raw 
read 
pairs 

Filtered 
read 

pairsa 

Mean 
fragment 

length 

Fragment 
length 

SDb 

Forward 
read 

qualityc 

Reverse 
read 

qualityc 

Number 
of reads 

for 
consensusd 

Final coverage 
depthc 

Consensus 
nucleotide 

length 
Percent 
genome 
coverage 

1162 759149 43641 127 42 2|34|37|37|38 2|33|36|37|38 828 0|4|6|9|23 14469 95.24 

1163 780861 7380 121 43 2|35|37|37|38 2|34|36|37|38 585 0|3|4|6|15 13958 91.87 

1164 1146188 30829 133 48 2|34|37|37|38 2|33|36|37|38 5751 0|29|40|55|191 15149 99.71 

1165 1123285 49586 121 36 2|34|37|37|38 2|33|36|37|38 6925 0|39|53|70|131 15149 99.71 

1166 6808158 134809 148 50 2|35|37|38|38 2|33|36|37|38 54086 0|394|513|634|1057 15167 99.83 

1168 1581385 135333 130 50 2|34|36|37|38 2|32|36|37|38 7464 0|47|59|78|161 15159 99.78 

1170 3555593 42487 139 48 2|35|37|37|38 2|33|36|37|38 4352 0|30|37|47|96 15163 99.8 

1171 920103 23922 106 42 2|34|37|37|38 2|32|36|37|38 191 0|0|1|2|7 6840 45.02 

1173 646411 37909 126 43 2|34|37|37|38 2|33|36|37|38 1129 0|6|9|12|30 15013 98.82 

1174 531027 16168 123 40 2|34|37|37|38 2|33|36|37|38 2536 0|14|20|26|58 15162 99.8 

 
athe number of paired reads after filtering out host (Gallus gallus 5.0) and internal control (PhiX) reads 
bSD = standard deviation 
cthe numbers represent read quality distribution (minimum | lower quartile | median | upper quartile | maximum). 
dnumber of paired reads used for the final consensus sequence form each bird
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Table 2.4 Evolutionary distance estimated using the complete coding sequences of individual 

genes of NDV genomes. 

Gene ID 
MG200022 vs. 
MG200026a 

KX268691 vs. 
KX268689b  

KY076037 vs. 
KU885948c  

Fusion    (F) 0.000 0.000 0.000 

Partial fusion* 0.000 0.000 0.000 

Hemagglutinin  (HN) 0.002 0.001 0.005 

Polymerase   (L) 0.001 0.002 0.005 

Matrix    (M) 0.001 0.000 0.000 

Nucleoprotein   (NP) 0.001 0.000 0.000 

Phosphoprotein  (P) 0.004 0.000 0.003 

aNDV isolates from current study (#1165 vs 1174) 

b, c NDV genotype VIIi sequences from GenBank 

*374 bp long sequence of Fusion gene that is frequently used for NDV classification and 

virulence prediction
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Table S2.1 Complete genome coding sequences of NDV Genotype VIIi from Pakistan were used 

for constructing Maximum Likelihood phylogenetic trees. 

Genotype GenBank accession number Host Country Isolate Year 
VIIi MG200021* Chicken Pakistan Lahore/1164 2015 
VIIi MG200022* Chicken Pakistan Kassur/1165 2015 
VIIi MG200023* Chicken Pakistan Kamoki/1166 2015 
VIIi MG200024* Chicken Pakistan Sheikhupura/1168 2015 
VIIi MG200025* Chicken Pakistan Lahore/1170 2015 
VIIi MG200026* Chicken Pakistan Gurjanwala/1174 2015 
VII i KM670337 Chicken Pakistan SFR-611 2013 
VII i KP776462 Chicken Pakistan AW-14 2014 
VII i KU845252 Duck Pakistan AW-123 2015 
VII i KU885948 Peacock Pakistan MZS-UVAS 2014 
VII i KX268688 Parakeet Pakistan SFR-RP15 2015 
VII i KX268689 Parrot Pakistan Lahore/SFR-129 2015 
VII i KX268690 Parakeet Pakistan Lahore/SFR-148A 2015 
VII i KX268691 Parakeet Pakistan Lahore/SFR-148B 2015 
VII i KX496962 Pigeon Pakistan Lahore/20A 996 2015 
VII i KX496963 Pigeon Pakistan Lahore/22A 1001 2015 
VII i KX496964 Pigeon Pakistan Lahore/23A 997 2015 
VII i KX496965 Pigeon Pakistan Lahore/21A 1084 2015 
VII i KX791183 Parakeet Pakistan R-Pindi/SFR-16 2016 
VII i KX791184 Chicken Pakistan Lahore/SFR-144A 2016 
VII i KX791185 Chicken Pakistan Lahore/SFR-144B 2016 
VII i KX791186 Chicken Pakistan Lahore/SFR-144C 2016 
VII i KX791187 Chicken Pakistan Lahore/SFR-144D 2016 
VII i KX791188 Chicken Pakistan Lahore/SFR-144E 2016 
VII i KY076030 Chicken Pakistan Sheikhupura/12A/994 2015 
VII i KY076031 Chicken Pakistan Pakistan/995/15A 2015 
VII i KY076032 Chicken Pakistan Pakistan/998/26A 2011 
VII i KY076033 Chicken Pakistan Badhana/27A/999 2015 
VII i KY076034 Chicken Pakistan ChakShahzad/30A/1000 2015 
VII i KY076035 Chicken Pakistan 1A/1002 2015 
VII i KY076036 Chicken Pakistan Buner/KPK/2A/1003 2015 
VII i KY076037 Chicken Pakistan Buner/KPK/5A/1004 2015 
VII i KY076038 Chicken Pakistan BhaiPhairu/6A/1007 2015 
VII i KY076039 Chicken Pakistan Gujranwala/13A/1009 2015 
VII i KY290560 Peacock Pakistan Lahore/AW-pck 2015 
VII i KY290561 Pheasant Pakistan Lahore/AW-pht 2015 
VII i KY967611.1 Duck Pakistan Pakistan/I/UVAS 2016 
VII i KY967612.1 Duck Pakistan Pakistan/II/UVAS 2016 

*Isolates from current study  
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Table S2.2. 260nm/280nm, concentration, and RIN value of RNA extracted from formalin-fixed 

paraffin-embedded tissue samples of 31 field FFPE tissue samples collected from different 

regions of Pakistan during disease outbreaks in 2015. 

SEPRL ID Tissue A260/280 
RNA concentration 

(ng/µl) 
RIN value 

1162-L Lungs 1.98 32.6 2.6 
1162-SI Small intestines 2.00 52.3 2.4 
1163-L Lungs 2.03 34.7 2.1 
1163-B Brain 2.02 72.0 2.3 
1163-SP Spleen 2.01 44.3 1.9 
1164-SP Spleen 1.99 61.0 2.1 
1164-L Lungs 1.99 68.0 2.1 
1164-B Brain 1.96 71.0 1.9 
1165-SP Spleen 1.96 67.0 2.9 
1165-L Lungs 1.94 51.0 6.5 
1165-B Brain 1.96 32.5 5.1 
1166-SP Spleen 1.99 84.0 2.4 
1166-L Lungs 1.94 58.0 2.9 
1166-B Brain 1.92 21.2 2.5 
1168-SP Spleen 1.98 61.0 2.4 
1168-L Lungs 1.98 20.8 7.7 
1168-B Brain 1.94 55.0 2.7 
1168-SI Small intestines 1.97 71.0 3.7 
1170-SP Spleen 1.99 66.0 2.4 
1170-L Lungs 1.98 70.0 2.8 
1170-B Brain 2.00 66.0 2.1 
1170-SI Small intestines 2.03 63.0 1.7 
1171-SP Spleen 1.90 71.0 2.1 
1171-L Lungs 1.96 15.8 1.8 
1172-SP Spleen 2.02 62.0 2.1 
1172-L Lungs 1.98 26.4 2.6 
1172-B Brain 1.98 43.3 3.6 
1173-L Lungs 1.99 26.8 4.9 
1173-SI Small intestines 1.97 52.0 2.5 
1174-L Lungs 1.90 29.8 2.5 
1174-B Brain 1.99 72.0 2.1 
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Table S2.3. Complete genome and fusion gene coding sequences coverage, and deduced amino 

acid cleavage site motif for the NDV sequences obtained from the merged data for 

each of the studied birds. 

Sample ID 

Complete genome Fusion gene 
Cleavage site 

113-117 
Obtained coding 
sequence length 

Percentage 
coverage of coding 

sequence (13746 bp) 

Obtained coding 
sequence length 

Percentage coverage 
of coding sequence 

(1662 bp) 
1162 13234 96.27 1662 100 RRQKR↓F 
1163 12690 92.31 1319 79.36 No sequence 
1164 13746 100 1662 100 RRQKR↓F 
1165 13746 100 1662 100 RRQKR↓F 
1166 13746 100 1662 100 RRQKR↓F 
1168 13746 100 1662 100 RRQRR↓F 
1170 13746 100 1662 100 RRQKR↓F 
1171 6390 45.96 721 43.38 No sequence 
1173 13669 99.43 1662 100 RRQKR↓F 
1174 13746 100 1662 100 RRQKR↓F 
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Table S2.4. Evolutionary distance between class II Newcastle disease viruses of genotypes VII 

estimated using the complete genome coding sequences  

Sub-genotypes (number of 
analyzed sequences) 

VII b VII d VII e VII f VII h bVII i VII i 

VII b (n = 4)        

VII d (n = 4) 0.036       

VII e (n = 4) 0.040 0.036      

VII f (n = 2) 0.054 0.050 0.043     

VII h (n = 4) 0.090 0.087 0.081 0.077    

bVII i (n = 6) 0.091 0.088 0.081 0.077 0.090   

VII i (n = 33) 0.090 0.086 0.079 0.075 0.089 0.012  

VII j (n = 4) 0.024 0.043 0.047 0.060 0.095 0.097 0.095 

 

aThe numbers of base substitutions per site from averaging over all sequence pairs between 

groups within genotype VII are shown. The analysis involved 77 nucleotide sequences. There 

were a total of 13746 positions in the final dataset 

bSub-genotype VIIi isolates from current study.  
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Fig. 2.1 Phylogenetic analyses based on the complete genome coding sequences (A), complete 

F gene coding sequences (B), and partial F gene coding sequences (C) of isolates representing 

class II sub-genotype VIIi Newcastle disease virus. The evolutionary histories were inferred by 

using the maximum-likelihood method based on General Time Reversible model with 1000 

bootstrap replicates as implemented in MEGA 6 [36, 38]. The analyses involved 38 nucleotide 

sequences with a total of 13746 (A), 1662 (B), or 375 (C) positions in the final datasets. The 

sequences obtained in the current study are presented in bold font. Evolutionary analysis was 

conducted in MEGA6. For all analyses, the codon positions included were 1st+ 2nd+ 3rd+ 

noncoding, and all positions containing gaps and missing data were eliminated. The GenBank 

accession numbers are followed by host name, country of isolation, strain designation, and year of 

isolation. Isolates with bold font in red, brown, green and blue has 100% nucleotide identity 

between them based on F (Fig 1B) and partial F (Fig 1C) gene trees, were readily differentiated in 

the complete genome tree and had nucleotide distances ranging from 0.1 to 0.34%. Isolates in bold 

black font are from current study.  
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Fig. S2.1. A-D: Photomicrographs demonstrating NDV nucleoprotein immunostaining within 

formalin-fixed paraffin-embedded tissue sections from chicken. Black arrows showing granular 

staining of viral nucleoprotein in the cytoplasm of cells. A) Brain. B) Spleen. C) Small intestine. 

D) Lung. Bar = 50 µm. 
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CHAPTER 3 

RAPID VIRULENCE PREDICTION AND IDENTIFICATION OF NEWCASTLE DISEASE 

VIRUS GENOTYPES USING THIRD-GENERATION SEQUENCING2 
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Abstract 

Background: Newcastle disease (ND) outbreaks are global challenges to the poultry industry. 

Effective management requires rapid identification and virulence prediction of the circulating 

Newcastle disease viruses (NDV), the causative agent of ND. However, these diagnostics are 

hindered by the genetic diversity and rapid evolution of NDVs.  

Methods: An amplicon sequencing (AmpSeq) workflow for virulence and genotype prediction of 

NDV samples using a third-generation, real-time DNA sequencing platform is described here. 1D 

MinION sequencing of barcoded NDV amplicons was performed using 33 egg-grown isolates, (15 

NDV genotypes), and 15 clinical swab samples collected from field outbreaks. Assembly-based 

data analysis was performed in a customized, Galaxy-based AmpSeq workflow. MinION-based 

results were compared to previously published sequences and to sequences obtained using a 

previously published Illumina MiSeq workflow. 

Results: For all egg-grown isolates, NDV was detected and virulence and genotype were 

accurately predicted. For clinical samples, NDV was detected in ten of eleven NDV samples. Six 

of the clinical samples contained two mixed genotypes as determined by MiSeq, of which the 

MinION method detected both genotypes in four samples. Additionally, testing a dilution series 

of one NDV isolate resulted in NDV detection in a dilution as low as 101 50% egg infectious dose 

per milliliter. This was accomplished in as little as 7 minutes of sequencing time, with a 98.37% 

sequence identity compared to the expected consensus obtained by MiSeq.  

Conclusion: The depth of sequencing, fast sequencing capabilities, accuracy of the consensus 

sequences, and the low cost of multiplexing allowed for effective virulence prediction and 

genotype identification of NDVs currently circulating worldwide. The sensitivity of this protocol 
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was preliminary tested using only one genotype. After more extensive evaluation of the sensitivity 

and specificity, this protocol will likely be applicable to the detection and characterization of NDV. 
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Background  

Newcastle disease (ND) is one of the most important infectious diseases of poultry and is 

a major economic burden to the global poultry industry. Virulent strains of avian paramyxovirus 

1 (APMV-1), commonly known as Newcastle disease virus (NDV) [1], are the cause of ND and 

have been recently reclassified as avian avulavirus-1 (AAvV-1) [2]. Newcastle disease viruses are 

a highly diverse group of viruses with two distinct classes, 19 accepted genotypes and a wide host 

range including domestic and wild bird species. In addition to the genotypic diversity of NDVs, 

these viruses are also diverse in their virulence. This includes low virulent viruses, whose 

replication is limited to the respiratory and digestive tracts and typically cause clinically inapparent 

infections, to highly virulent viruses that cause acute disease with high mortality rates [1, 3]. The 

global spread, constant evolution, varying virulence, and the wide host range of NDV are 

challenges to the control of ND [4]. 

Effective control of ND is dependent on specific diagnostic testing, which is typically 

oriented towards detection, genotyping, or prediction of virulence. Virulence of NDV is best 

assayed through in vivo pathogenicity studies [5], but due to the cost and time constraints 

associated with such methods, reverse transcriptase-quantitative PCR (RT-qPCR) and sequencing 

of the F gene cleavage site are used to predict NDV virulence [6, 7]. Genotyping of NDV is 

commonly achieved through sequencing of the coding sequence of the fusion gene [8], which also 

allows for prediction of virulence. Preliminary genotyping can be accomplished through partial 

fusion gene sequencing (i.e., variable region) [9]. For detection of NDV, PCR assays avoid the 

highly variable fusion gene and instead target more conservative regions of the genome (i.e., 

matrix and polymerase genes) [10-14]; however, while this increases the applicability of these 

assays across genotypes, these assays lack applicability for virulence and genotypic determination. 
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For example, while fusion-based assays can be used for detection [10, 15], the variability of this 

region, which makes it useful for genotyping, hinders the universal applicability of any single 

primer set [11, 12] and often requires screening samples with a different PCR assay prior to 

pathotyping [15]. Furthermore, for most current methods, detection, genotyping, and virulence 

prediction rely on Sanger sequencing; thus, they lack multiplexing capability and have limited 

sequencing depth, which complicates detection of mixed infections. In summary, there is a need 

to develop a method that will sensitively and rapidly detect NDV from multiple genotypes, while 

also providing genotype and virulence predictions.  

Rapid advances in nucleic acid sequencing have led to different sequencing platforms [16, 

17] being widely applied for identification of novel viruses [18], whole genome sequencing [19], 

transcriptomics, and metagenomics [20, 21]. However, high capital investments and relatively long 

turnaround times limit the widespread use of these next-generation sequencing (NGS) platforms, 

especially in developing countries [22]. Recent improvements in third-generation sequencing, 

including those introduced by Oxford Nanopore Technologies (ONT) [23], increase the utility of 

high-throughput sequencing as a useful tool for surveillance and pathogen characterization [24]. 

Among the transformative advantages of ONT’s sequencing technology are the ability to perform 

real-time sequence analysis with a short turnaround time [25], the portability of the MinION 

device, the low startup cost compared to other high-throughput platforms, and the ability to 

sequence up to several thousand bases from individual RNA or DNA molecules. The MinION 

device has been successfully used to evaluate antibiotic resistance genes from several bacterial 

species [26, 27], obtain complete viral genome sequences of an influenza virus [28] and Ebola 

virus [29], and detect partial viral genome sequences (e.g., Zika virus [30] and poxviruses [25]) by 

sequencing PCR amplicons (AmpSeq). The MinION, therefore, represents an opportunity to take 
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infectious disease diagnostics a step further and to perform rapid identification and genetic 

characterization of infectious agents at a lower cost.  

As with any deep sequencing platform, the sequence analysis approach is integral for 

accurate interpretation. Primarily, two approaches for taxonomic profiling of microbial sequencing 

data have been employed: read-based and de novo assembly-based classifications. Read-based 

metagenomic classification software has been used for identification of microbial species from 

high-throughput sequencing data [23, 31-33]. Although the sequencing accuracy of the MinION 

is improving, the raw single-read error rate of nearly 10% [34] may limit the accuracy of this 

approach for Nanopore data [31], especially when attempting to subspecies level differentiation. 

De novo approaches that use quality-based filtering and clustering of reads [35], or use consensus-

based error correction of Nanopore sequencing reads have been reported [36]; however, these are 

not optimized for amplicon sequencing data.  

In this study, a specific and rapid protocol, using the MinION sequencer, was developed to 

detect representative isolates from all currently circulating (excluding the Madagascar-limited 

genotype XI) genotypes of NDV. This protocol was also tested on 15 clinical swab samples 

collected from chickens during disease outbreaks. Additionally, a Galaxy-based, de novo AmpSeq 

workflow is presented that results in accurate final consensus sequences allowing for accurate 

genotype and virulence prediction. This study represents the first step towards developing AmpSeq 

as a diagnostic tool for NDV. 

Methods 

Viruses and clinical samples 

Thirty-three NDV isolates, representing 15 different genotypes of different virulence, and 

ten other avian avulaviruses (AAvV 2-10 and AAvV-13) from the Southeast Poultry Research 

Laboratory (SEPRL) repository, were propagated in 9–11-day-old specific pathogen free (SPF) 
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eggs [36] and the harvested allantoic fluids were used in this study. Additionally, 15 oral and 

cloacal swab samples collected from chickens during disease outbreaks in Pakistan in 2015 were 

collected, and the resulting swab fluid was shipped on dry ice, and then stored at -80 °C. RNA was 

extracted as described below for both egg-grown and clinical swab samples. The background 

information of the egg-grown isolates and the clinical samples is summarized in Table S3.1 and 

Table S3.2, respectively.  

RNA extraction 

Total RNA from each sample was extracted from infectious allantoic fluids or directly from 

clinical swab media using TRIzol LS (Thermo Fisher Scientific, USA) following the 

manufacturer’s instructions. RNA concentrations were determined by using Qubit® RNA HS 

Assay Kit on a Qubit® fluorometer 3.0 (Thermo Fisher Scientific, USA).  

Amplicon synthesis and MinION library preparation 

Approximately 20 ng (in 5 µl) of RNA was reverse transcribed, and cDNA was amplified 

with target-specific primers using the SuperScript™ III One-Step RT-PCR System (Thermo Fisher 

Scientific, USA). Previously published primers (4331F and 5090R) [9, 38] were used in this 

protocol to target NDV; however, the primers were tailed with universal adapter sequence of 22 

nucleotides (in bold font) to allow PCR-based barcoding: 4331F Tailed: 5ʹ-

TTTCTGTTGGTGCTGATATTGCGAGGTTACCTCYACYAAGCTRGAGA-3ʹ; 5090R 

Tailed: 5ʹ-

ACTTGCCTGTCGCTCTATCTTCTCATTAACAAAYTGCTGCATCTTCCCWAC-3ʹ). The 

thermocycler conditions for the reaction were as follows: 50 °C for 30 minutes; 94 °C for 2 

minutes; 40 cycles of 94 °C for 15 seconds, 56 °C for 30 seconds, and 68 °C for 60 seconds, 

followed by 68 °C for 5 minutes. The reaction amplified a 788 base pair (bp) NDV product (832 
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bp including primer tails) for all genotypes, which included 173 bp of the 3′ region of the end of 

the M gene and 615 bp of the 5′ end of the F gene (sizes and primer locations based on the Genotype 

V strain). Amplified DNA was purified by Agencourt AMPure XP beads (Beckman Coulter, USA) 

at 1.6:1 volumetric bead-to-DNA ratio and quantified using the dsDNA High Sensitivity Assay kit 

on a Qubit® fluorometer 3.0. MinION-compatible DNA libraries were prepared with 

approximately 1 µg of barcoded DNA in a total volume of 45 µL using nuclease-free water and 

using the 1D PCR Barcoding Amplicon Kit (Oxford Nanopore Technologies, UK) in conjunction 

with the Ligation Sequencing Kit 1D (SQK-LSK108) [23] as per manufacturer’s instructions. 

Briefly, each of the amplicons were diluted to 0.5 nM for barcoding and amplified using LongAmp 

Taq 2X Master Mix (New England Biolabs, USA) with the following conditions; 95 °C for 3 min; 

15 cycles of 95 °C for 15 seconds; 62 °C for 15 seconds, 65 °C for 50 seconds, followed by 65 °C 

for 50 seconds. The barcoded amplicons were bead purified, pooled into a single tube, end prepped, 

dA tailed, bead purified, and ligated to the sequencing adapters per manufacturer’s instructions. 

Final DNA libraries were bead purified and stored frozen until used for sequencing.  

Comparison of AmpSeq protocol to RT-qPCR assay  

For comparison of this MinION-based protocol with the matrix gene reverse transcriptase-

quantitative polymerase chain reaction (RT-qPCR) assay [10], both methods were used on a 

dilution series from a single isolate. NDV (LaSota strain) from the SEPRL repository was cultured 

in SPF 9–11-days-old eggs and the harvested allantoic fluids were diluted to titers ranging from 

106 to 101 EID50/mL in brain-heart infusion broth. RNA was extracted from dilutions, and DNA 

libraries were prepared following the same protocols as described above. Amplicons from each of 

the dilutions were barcoded separately. At the pooling step, equal concentrations of barcoded 
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amplicons from different dilutions of LaSota were pooled together in single tube. Dilutions, 

extractions, library construction, and sequencing were performed twice (run 1 and run 2).  

The same extracted RNA was also used as the input into the RT-qPCR using the AgPath-

ID one-step RT-PCR Kit (Ambion, USA) on the ABI 7500 Fast Real-Time PCR system following 

the previously described protocols [10].  

Sequencing by MinION 

The libraries were sequenced with the MinION Nanopore sequencer [23]. A new FLO-

MIN106 R9.4 flow cell, stored at 4°C prior to use, was allowed to equilibrate to room temperature 

for 10 minutes before priming it for sequencing. The flow cell was primed with running buffer as 

per manufacturer’s instructions. The pooled DNA libraries were prepared by combining 12 µL of 

the libraries with 2.5 µL nuclease-free water, 35 µL RBF, and 25.5 µL library loading beads. After 

the MinION Platform QC run, the DNA library was loaded into the MinION flow cell via the 

SpotON port. The standard 48-h 1D sequencing protocol was initiated using the MinKNOW 

software v.5.12. Detailed information for all MinION runs in this study is provided in Table S3.3. 

The complete steps from RNA isolation to MinION sequencing were performed twice for 

egg-grown viruses. One run consisted of six egg-grown isolates from different genotypes 

representative of vaccine and virulent NDV strains (run 3: 6-sample pool). The other run consisted 

of these same six viruses and an additional 27 egg-grown NDV isolates (run 4: 33-sample pool). 

The clinical samples (n = 15) were processed in runs 5, 6, and 7. A variable number of samples 

were pooled in these three sequencing runs to cluster libraries with similar concentrations.  

To determine the accuracy of consensus sequences at different sequencing time points for 

accurate identification of the NDV genotypes, the raw data (FAST5 files) obtained from the 10-
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fold serial dilution experiment (see above) were analyzed in subgroups based on time of 

acquisition and processed through the AmpSeq workflow as described below. 

Development of MinION data analysis workflow 

To analyze the Nanopore sequencing data, a custom, assembly-based AmpSeq workflow 

within the Galaxy platform interface [39] was developed, as diagrammed in Figure 3.1. The 

MinION raw reads in FAST5 format were archived (tar format) and uploaded into Galaxy 

workflow. The reads were base-called using the Albacore v2.02 (ONT). The NanoporeQC tool 

v0.001 (available in the Galaxy testing toolshed) was used to visualize read quality based on the 

summary table produced by Albacore. Porechop v0.2.2 [40] was used to demultiplex reads for 

each of the barcodes and trim the adapters at the ends of the reads by using default settings. Short 

reads (cutoff = 600 bp) were filtered out and the remaining reads were used as input to the in-house 

LAclust v0.002. LAclust performs single-linkage clustering of noisy reads based on alignment 

identity and length cutoffs from DALIGNER pairwise alignments [41] (minimum alignment 

coverage = 0.90, maximum identity difference = 0.35; minimum number of reads to save cluster 

= 5; maximum reads saved per cluster = 200, minimum read length = 600 bp; rank mode = number 

of intracluster linkages; randomized input read order = yes). Read clusters generated by LAclust 

were then aligned using the in-house Amplicon aligner v0.001 to generate a consensus sequence. 

This tool optionally subsamples reads (target depth used = 100), re-orients them as necessary, 

aligns them using Multiple Alignment using Fast Fourier Transform (MAFFT) [42] with highly 

relaxed gap opening and extension penalties, and calls a majority consensus. Next, each consensus 

was used as a reference sequence for mapping the full unfiltered read clusters from LAclust with 

BWA-MEM and ONT2D settings [43, 44]. The final consensus sequence for each sample was 

refined by using Nanopolish v0.8.5 [45], which calculates an improved consensus using the read 
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alignments and raw signal information from the original FAST5 files. After manually trimming 

primer sequences from both 3′ (25 bp) and 5′ (29 bp) ends, the obtained consensus sequences (734 

bp) were BLAST searched against NDV customized database, which consisted NCBI’s nucleotide 

(nt) database and internal unpublished NDV sequences (NCBI database updated on May 23, 2018).  

Sequencing by MiSeq 

For comparison between nucleotide sequences obtained from MinION and MiSeq (a high 

accuracy sequencing platform), 24 NDV isolates from the SEPRL repository that were used for 

MinION sequencing (representing each currently circulating genotype except XI and multiple sub-

genotypes of NDV) and 15 clinical swab samples (allantoic fluid of cultured swab samples) were 

processed for target-independent NGS sequencing. Briefly, paired-end random sequencing was 

conducted from cDNA libraries prepared from total RNA using KAPA Stranded RNA-Seq kit 

(KAPA Biosystems, USA) as per manufacturer’s instructions and as previously described [46]. 

All libraries for NGS were loaded into the 300-cycle MiSeq Reagent Kit v2 (Illumina, USA) and 

pair-end sequencing (2 × 150 bp) was performed on the Illumina MiSeq instrument (Illumina, 

USA). Pre-processing and de-novo assembly of the raw sequencing data was completed within the 

Galaxy platform using a previously described approach [19]. 

Phylogenetic analysis  

The assembled consensus sequences from different NDV genotypes and sub-genotypes (6 

sequences from MinION run 3, 33 sequences from run 4 and 24 sequences from MiSeq; a total of 

62 sequences) and selected (minimum of one sequence from each genotype/subgenotype) 

sequences from GenBank (n = 66) were aligned using ClustalW [47] in MEGA6 [48]. 

Determination of the best-fit substitution model was performed using MEGA6, and the goodness-

of-fit for each model was measured by corrected Akaike information criterion (AICc) and 
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Bayesian information criterion (BIC) [48]. The final tree was constructed using the maximum-

likelihood method based on the General Time Reversible model as implemented in MEGA6, with 

500 bootstrap replicates [49]. The available GenBank accession number for each sequence in the 

phylogenetic tree is followed by the, host name, country of isolation, strain designation, and year 

of isolation. 

Comparison of MinION and MiSeq sequence accuracy 

To assess the accuracy of the MinION AmpSeq consensus sequences, 24 samples were 

sequenced by both deep-sequencing methods (MinION and MiSeq) described above. Pairwise 

nucleotide comparison between MinION and MiSeq was conducted using the Maximum 

Composite Likelihood model [50]. The variation rate among sites was modeled with a gamma 

distribution (shape parameter = 1). The analysis involved 54 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data 

were eliminated. There were a total of 691 positions in the final dataset. The evolutionary distances 

were inferred by pairwise analysis using the MEGA6 [48].  

 

Results 

Comparison to the Matrix gene RT-qPCR assay 

Six, sequential, 10-fold dilutions (from 106 EID50/ml to 101 EID50/ml) from one NDV 

isolate (LaSota) were used to compare the ability of AmpSeq and RT-qPCR to detect low 

quantities of NDV. In each of the six dilutions, AmpSeq and the matrix RT-qPCR detected NDV 

in all dilutions. AmpSeq resulted in 99.04–100.0% sequence identity to the LaSota isolate across 

all six dilutions in the first experiment (run 1) and 99.86–100.0% identity in the second experiment 

(run 2) (Table 3.1). 
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Time for data acquisition and analysis 

To determine the minimal sequencing time needed for acquisition of accurate full-length 

amplicon consensus sequences at different serial dilutions, 28,000 reads, which were obtained 

within the first 19 minutes of sequencing in the first serial dilution experiment (run 1), were 

analyzed. For all concentrations, the first read that aligned to the reference LaSota sequence was 

obtained within 5 minutes after the sequencing run started. To obtain consensus sequences (5 reads 

required to build a consensus sequence) only 5 minutes of sequencing time were required for 

concentrations 106–103 EID50/ml, which resulted in 99.18–100% sequence identity to the reference 

LaSota strain. Seven minutes were required to obtain NDV consensus sequences for the two lower 

concentrations: 101 EID50/ml = 8 reads, 98.77% identity and 102 EID50/ml = 5 reads, 98.37% 

identity (Table 3.2). After as little as 10 minutes of sequencing, the identity to the reference 

sequence was above 99% for even in the most dilute sample. 

PCR specificity and range of reactivity for NDV genotypes 

To determine the utility of the primers for the currently circulating NDV genotypes and the 

potential cross-reactivity for other AAvVs, which are relatively nonpathogenic in poultry but can 

confound diagnosis of NDV [50], total RNA from 43 AAvVs, including 23 AAvV-1 genotypes 

and sub-genotypes (15 different NDV genotypes, 8 different subgenotypes), as well as AAvV-2–

10 and -13 (n = 10) were tested. All AAvV-1 genotypes that are currently circulating globally were 

amplified with tailed primers; samples 19 and 36 had weak bands of the desired molecular weight 

(i.e., 832 bp) compared to other lanes. Two bands larger than 800 bp were visible on the 

electrophoresis of samples #19, #20, #21, #31 and #32 (see Figure S1 legend for interpretation of 

this result). All non-AAvV-1 viruses failed to produce bands visible by gel electrophoresis (Figure 

S3.1)  
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Quality metrics 

The Nanopore QC tool was used to obtain quality metrics plots of all sequencing runs. For 

MinION runs 3 (6-sample pool) and 4 (33-sample pool), more than 70% of total reads had a quality 

score greater than ten (Q10 score = 90% accuracy) (Figure 3.2 A and B). The average overall mean 

read quality scores in both runs were comparable (run 3 = 10.7, run 4 = 11.0), and the mean quality 

scores of reads ≥ 10 (mean Q≥10) were similar (11.8) for both runs (Figure 3.2 C and D). In addition, 

analysis of five consecutive batches of reads (each batch = 20,000 reads) obtained at different time 

intervals from run 4 indicated that the overall mean read quality for each 20,000 read batch remained 

above 10 (Table S3.4). Similarly, the mean Q≥10 over time remained consistent in the clinical sample 

runs (runs 5–7), which had long (12 hrs) sequencing runs (Figure 3.3 A, B and C, blue lines).  

Sub-genotypic resolution of AAvV-1 viruses with MinION sequencing  

To determine the capability to effectively detect and differentiate viruses of different 

genotypes and sub-genotypes, PCR amplicons from 33 egg-grown isolates, which were 

representative of 23 different NDV genotypes and sub-genotypes, were barcoded, pooled, and 

sequenced in a single 12-hour MinION run (run = 4) generating a total of 2.076 million reads. The 

first 100,000 reads, which were obtained in 3 hours and 10 minutes, were analyzed for 

identification of all 33 NDV isolates used in the study. All 33 NDV isolates were correctly 

identified to the sub-genotype level (Table 3.3), with 97.82%–100% sequence identity. Thirty-one 

of thirty-three samples were greater than 99% identical to the expected genotype in each of the 

sample, with 22 of 33 having 100% sequence identity. Samples with higher sequence identity 

represent those isolates whose sequences (Sanger or MiSeq based) had already been deposited in 

GenBank, while those samples with lower sequence identity lacked replicate sequences from those 

particular isolates. For sample #37, MiSeq detected genotypes XIIIb and VIc, but the AmpSeq 
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workflow only detected genotype XIIIb (e.g., see pairwise comparison section for further 

demonstration of this protocol’s accuracy). 

While 832 bp was the expected amplicon size, genotypes III, IV, and IX (all previously 

untested genotypes with this primer set) yielded an unexpected electrophoresis product of ~1000 

bp (see above). The analysis of sequences obtained from these NDV isolates revealed that in 

addition to the 788 bp adapter-trimmed consensus sequence, an upstream region of NDV genome 

was amplified, resulting in an 1067 bp adapter-trimmed consensus sequence that contains the 

targeted NDV sequence. 

Clinical swab samples from chicken  

To assess the potential utility of this protocol on field samples from disease outbreaks, 

MinION libraries were generated directly from clinical swab samples. These swab samples were 

also propagated in eggs and the allantoic fluid was sequenced using a MiSeq-based workflow (runs 

5, 6, and 7) to compare to the MinION results. Out of 11 NDV-positive samples with the MiSeq 

method, 10 samples were NDV positive by the MinION protocol (Sample #52 being the exception) 

(Table 3.4). In the six NDV-positive samples that contained one NDV genotype, as detected by 

the MiSeq method, the same NDV genotype was also detected with the MinION protocol. The 

MiSeq method detected two genotypes in samples #45, #46, #47, and #49; whereas, the MinION 

protocol only detected dual genotypes in samples #45 and #46. In sample #48, only one NDV 

genotype was detected by MiSeq but two NDV genotypes were detected by the MinION protocol. 

All 4 samples negative by MiSeq were also negative by the MinION protocol.  

Pairwise comparison of replicated MinION sequences and MiSeq sequences 

Pairwise nucleotide distance analysis was used to compare the consensus sequences in six 

samples across two separate MinION runs. There was no variation in the consensus sequence 
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between the MinION runs across those six samples. Pairwise nucleotide distance analysis was also 

used to compare the MinION consensus sequence to the MiSeq consensus sequence in 24 isolates 

(one isolate representing each genotype and subgenotype; 24 samples with asterisks in Table 3 

were used for pairwise nucleotide comparison). The MinION and MiSeq consensus sequences 

were 100% identical, except in four samples (#20, #25, #36, and #37), in which the percent identity 

was 99.18%–99.86% (nota bene: the samples in Table 3.3 without asterisks did not have a second 

sequence directly from that stock for comparison; thus, the percent identity may be low due to the 

exact isolate not having a representative sequence in GenBank, e.g., sample 21 with 99.05% 

similarity). In addition, there were no differences at the fusion gene cleavage site between AmpSeq 

and either previous Sanger or previous MiSeq results (Tables 3.3 and 3.4, last column). 

Collectively, these results demonstrate the repeatable high accuracy of the MinION-AmpSeq 

method. 

Phylogeny of NDV genotypes 

To confirm the ability of the MinION-acquired partial matrix and fusion gene sequences 

to be used for accurate analysis of evolutionary relatedness, phylogenetic analysis using consensus 

sequences (734 bp; trimmed of adapter and primer sequences) obtained from two independent 

MinION runs (run 3 and 4) was performed. Additionally, the 24 sequences from MiSeq were also 

included in the phylogenetic tree (Figure S3.2, to further illustrate the agreement between these 

two sequencing methods. In the phylogenetic tree, the isolates (n = 33; green font) grouped 

together with the viruses that showed highest nucleotide sequence identity to them, including those 

in which MiSeq sequences were available (red font). The six isolates that were sequenced twice 

(blue font) clustered together. Taken together, the results demonstrated that all sequences clustered 

to the expected genotype/sub-genotype branch of the phylogenetic tree.  
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Time and cost estimation  

The time of sample processing and cost estimation of reagents to multiplex and sequence 

samples (n = 6; n = 33) from RNA extraction to obtain final consensus sequences is presented in 

Table S3.5. From RNA extraction to final consensus sequence calculations, the average time 

(including sequencing time) to process six samples was approximately 9–10 person-hours and for 

33 samples approximately 26 person-hours. Assuming that flow cell can be used multiple times 

(twice when 33 samples pooled and five times when six samples pooled to prepare one cDNA 

library) for sequencing, cost per sequencing run and cost per sample were estimated. The cost per 

sample decreased from $53 (six samples multiplexed) to $31 (33 samples multiplexed).  

 

Discussion  

This study describes the development of a single protocol for rapid and accurate detection, 

virulence determination, and preliminary genotype identification (with sub-genotype resolution) 

of NDV utilizing the low-cost MinION sequencer. Additionally, an assembly-based sequence 

analysis workflow for MinION amplicon sequencing data was developed. This MinION AmpSeq 

workflow detected all currently circulating genotypes when using egg-grown viruses. 

Furthermore, clinical swab samples were used to demonstrate proof of concept that such samples 

contained sufficient NDV nucleic acid for detection, and interestingly AmpSeq detected 2 NDV 

genotypes (vaccine and virulent strains) in several clinical swab samples. These capabilities 

suggest this protocol may be useful for research and ancillary diagnostic procedures and indicates 

that further development and validation of NDV AmpSeq would be useful, especially in 

developing countries where NDV is endemic and there is a need for affordable epidemiological 

surveillance to track reservoirs and disease outbreaks. 
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The sequence heterogeneity among AAvV-1 genomes, which hinders the ability to develop 

a single test that sensitively detects NDV while also predicting the genotypic classification and 

virulence, is well known [4, 51, 52]. Currently, an RT-qPCR targeting the M gene [10] is most 

sensitive and is used for screening samples, but this assay only provides positive and negative 

results of the samples. RT-qPCRs that predict virulence based on the fusion gene are available [10, 

54]; however, the lower sensitivity of these assays and the inability of at least one of these assays 

to detect viruses of all genotypes (e.g., genotypes Va and VI) [10, 12, 13] complicate diagnostic 

interpretation when the matrix and fusion tests have conflicting results. Thus, the only truly reliable 

option to detect a broad range of viruses and to determine virulence from some strains is to design 

multiple tests that include genotype-specific primers and probes [7, 12, 53]. Recently, Miller et al 

reported that the primer set used in this study detected Class I and all nine of the tested class II 

genotypes [38]; however, this primer set was not tested against other currently circulating 

genotypes. The current study includes six additional genotypes, collectively representing all 

currently circulating genotypes (excluding the Madagascar-limited genotype XI). Furthermore, the 

ability to use AmpSeq as the final measure of a PCR allows for larger amplicon sizes as compared 

to RT-qPCR. As such, there will be one less restriction on primer site design when trying to create 

a pan-NDV primer set. Work is in progress to utilize the ability of MinION to sequence longer 

amplicon fragments, which will provide more complete phylogenetic information. After 

optimizing pan-NDV primer design for AmpSeq, sensitivity of pan-NDV AmpSeq will need to be 

further evaluated.  

Additionally, while the preliminary analytical sensitivity of this protocol was determined 

using only one NDV genotype, the sensitivity of the MinION AmpSeq was comparable to the 

matrix RT-qPCR test, which does not allow inference of virulence. Further testing of the NDV 
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AmpSeq sensitivity to current virulence-predicting RT-qPCR tests are warranted [14, 15]; 

however, even these tests lack the genotyping capability of AmpSeq. The ability of this AmpSeq 

method to detect different genotypes of NDV was further aided by barcoding PCR, which adds 

another round of PCR to the assay and the ability to adjust the concentration of samples during the 

library preparation phase. This latter step allows for more volume of low concentration (i.e., weak 

positives) samples to be added to the library pool. While the additional steps for library synthesis 

provide these advantages, they also add time to the assay (see below for further discussion of time 

efficiency). However, the benefit of implementing detection, genotype prediction, and virulence 

prediction into a single test adds value to this assay.  

While the multifaceted nature of this MinION AmpSeq protocol is an advantage, time and 

cost efficiency must be maintained for it to be useful. MinION is inherently rapid due to the real-

time nature of the sequencing. For example, this method identified the correct NDV genotype in 

all serial dilutions, with an accuracy of 98.37–100%, after only 7 minutes of sequencing. Because 

the MinION provides real-time sequence data, it is possible to monitor the sequencing run to 

determine the optimal run length for each library. Additionally, samples can be multiplexed into a 

single sequencing run, which reduces time and cost [55]. Recently, multiplexing and MinION 

sequencing of the PCR products from a panel of 5 samples was reported [55]. Here a panel of 33 

samples was multiplexed while maintaining successful NDV genotyping from data collected 

within 3 hrs and 10 minutes of sequencing and without affecting mean read quality and percentage 

of high-quality reads. Thus, this protocol provides the flexibility to rapidly and economically 

obtain accurate sequence data for a preliminary genotyping and virulence prediction.  

While Nanopore sequencing has numerous benefits, the high error rate poses unique 

challenges to data analysis. Thus, it is important to extract accurate consensus sequences from raw 
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sequencing data [56]. As previously discussed, pathogen typing from sequencing data can be done 

with read count-based profiling or de novo assembly approaches [31]. However, there are a limited 

number of available tools suitable for handling the noisy reads currently produced by the MinION 

platform. The approach in this study takes advantage of the fact that single MinION reads often 

represent full-length amplicon sequences. By clustering full-length reads based on pairwise 

identity and subsequently performing consensus calling using standard multiple alignment 

software, this method quickly and reliably generates accurate (consistently greater than 99% 

sequence identity to paired MiSeq) de novo assemblies from amplicon datasets using as few as 

twenty reads per amplicon, and correct genotypic prediction with as few as five reads per amplicon. 

Thus, this approach overcomes the inherently high error rate (~90% accuracy) of Nanopore 

sequencing [57] and sequence identification and differentiation at the sub-genotype level can be 

highly reliable.  

One known source of error in Nanopore sequencing is that 5-mers of A and T in the 

individual reads are difficult to identify accurately with MinION sequencing [58]. Importantly, a 

5-mer run of a single base is not present in the cleavage site of the Fusion gene, however, two 

positions on the consensus sequence where there are 5-mers of A and C are present. Because of 2 

instances in which only 4 nucleotides were read (one two nucleotide gap at 153–57 bp position 

and second on 233 bp) on 5-mer site, sample #37 had less than 100% identity to the respective 

Miseq data. It should be noted that this type of system error can be easily detected and manually 

corrected for a paramyxovirus (including NDV), which are viruses that do not tolerate single 

nucleotide deletions or insertions (rule of six) [59]. Because of the consensus-based approach, 

despite the relatively high, read-based error rate, the cleavage site was accurately determined. 



80 

 

Because this protocol relies on identity-based clustering prior to assembly, it maintains the 

ability to detect samples with mixed NDV genotypes. For example, in this study four clinical 

samples had two different genotypes as detected by MiSeq analysis, two of which were correctly 

identified by the MinION AmpSeq workflow. In a fifth case, a mixed sample was detected by 

MinION AmpSeq, but not by MiSeq. A potential explanation for these differences could be that 

the MiSeq sequencing was performed on egg-amplified samples, which may have altered the 

relative levels of the two genotypes, as compared to the direct clinical swab sample used for 

MinION sequencing. Additionally, the differences in molecular techniques (i.e., MinION: 

targeted; MiSeq: random) may have altered the relative abundance of the genotypes within the 

sequencing libraries. While further studies into the ability of this workflow to sensitively detect 

and differentiate NDV in samples with more than one genotype are ongoing, rapid NDV 

genotyping from clinical samples without culturing the virus in SPF eggs has the potential to 

facilitate disease diagnostics.  

Conclusions 

Taken together, this protocol reliably detected, genotyped, and predicted the virulence of 

NDV using laboratory stocks of all genetic variants currently circulating worldwide. Furthermore, 

preliminary testing of clinical-based samples suggests its feasibility using clinical swab samples. 

This assay can be used for research purposes and as an ancillary test in field investigations; 

however, further testing, including sensitivity validation on clinical samples and testing the effect 

of multiple isolates on sensitivity are warranted. Furthermore, the advantages of MinION AmpSeq 

allow for further optimization not possible with other techniques. For example, PCR product length 

is less of a restriction with MinION AmpSeq as compared to RT-qPCR. Overall, MinION AmpSeq 

improves the depth of information obtained from PCRs and allows for more flexibility in assay 
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design, which can be broadly applied to the detection and characterization of numerous infectious 

agents. 
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Table 3.1. Comparison of MinION sequencing to RT-qPCR for detection of NDV LaSota (runs 

1 and 2) 

Dilution 
(EID50/ml) 

Total readsa Total NDV 
readsb 

Reads per 
consensusc 

Percent 
identityd 

Consensus 
length 

RT-qPCRe 

(Ct) 
R1f | R2g R1 | R2 R1 | R2 R1 | R2 R1 | R2 R1 | R2 

10^6   6667 | 11366   6577 | 10861 200 | 200 100 | 100 734 | 734 21.8, 21.1 | 22.7, 22.7 

10^5 4519 | 6801 4439 | 6540 200 | 200 100 | 100 734 | 734 26.3, 25.8 | 26.2, 26.4 

10^4 3856 | 8289 3829 | 7890 200 | 200 100 | 100 734 | 734 28.9, 27.8 | 29.1, 29.3 

10^3   164 | 9484   157 | 9061 157 | 200 100 | 100 734 | 734 31.4, 31.1 | 32.7, 32.8 

10^2     94 | 4939     85 | 4725   85 | 200 100 | 100 734 | 734 34.2, 34.8 | 34.8, 35.3 

10^1   133 | 2652   131 | 2520   131 | 200 99.04 | 99.86 729 | 734 34.9, 34.8 | 36.9, 36.7 

aObtained from output of Porechop 

bObtained from output of LAclust.  

cObtained from output of BWA-MEM. Input into BWA-MEM was limited to 200 reads based on LAclust options. 

dConsensus sequence identity to the reference sequence of NDV LaSota sequenced with MiSeq  

(MH392212/chicken/USA/LaSota/1946) 

eEach dilution performed in duplicate and threshold cycle (Ct) values from each well are shown here.  

eRun 1  

fRun 2 

Note: All 60,000 reads obtained during 32 minutes of sequencing run (R1) were utilized for the analysis. All 98,916 

reads from R2 were utilized for the analysis.   
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Table 3.2. Accuracy of consensus sequence from serial dilutions (EID50/ml) of NDV LaSota 

 during MinION sequencing run 1.  

Sequencing 

run time 

(min) 

Total 

Raw 

reads 

10^6 10^5 10^4 10^3 10^2 10^1 

NDV 

readsa 

% 

Identityb 

NDV 

reads 

% 

Identity 

NDV 

reads 

% 

Identity 

NDV 

reads 

% 

Identity 

NDV 

reads 

% 

Identity 

NDV 

reads 

% 

Identity 

5 4000 283 100 199 100 182 100 10 99.18 2 NA 3 NA 

7 8000 644 100 406 100 368 100 14 99.32 8 98.77 5 98.37 

10 12000 1029 100 661 100 571 100 23 99.32 16 99.32 8 99.18 

12 16000 1397 100 901 100 759 100 29 99.86 17 99.32 14 99.45 

14 20000 1772 100 1173 100 1014 100 36 99.73 20 99.45 17 99.59 

16 24000 2183 100 1451 100 1231 100 43 99.73 23 99.45 21 99.59 

19 28000 2643 100 1775 100 1498 100 56 99.86 29 99.73 25 99.45 

aThe numbers represent total number of NDV reads obtained from LAclust. A maximum of 200 reads (optional cut-

off value) were used to generate full length consensus sequence. Minimum 5 reads were used as a cut-off to build 

consensus sequence.  

bConsensus sequence identity to the reference sequence of NDV LaSota sequenced with MiSeq  

(MH392212/chicken/USA/LaSota/1946) 

Consensus sequences were BLAST searched against NDV custom database  

Note: Only 28,000 out of total 60,000 reads were utilized for the analysis  
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Table 3.3. Identification and virulence prediction of NDV genotypes from 33 egg-grown 

samples (runs 3 and 4). 

Sample 
ID 

Input 
genotypea  

Output 
genotypeb  

BLAST search 
Alignment 

length 
Percent 
identity 

Fusion 
protein 

cleavage 
sitec, ⸸ 

1 II* II MH392212/chicken/USA/LaSota/1946 732 100 low virulent 
2 II II KJ607167/LHLJ/2/goose/2006/China 734 100 low virulent 
3 II II KJ607167/LHLJ/2/goose/2006/China 732 100 low virulent 
4 II II EU289029/turkey/USA/VG/GA-clone_5/1987 734 99.86 low virulent 
5 Ia* Ia MH392213/chicken/Australia/Queensland/V-4/10/1966 734 100 low virulent 
15 Ia Ia MH392213/chicken/Australia/Queensland/V-4/10/1966 734 99.86 low virulent 
16 VIId VIId KU295454/chicken/Ukraine/Lyubotyn/961/2003 735 99.46 virulent 
17 II* II MH392228/poultry/Canada/Ontario/Berwick/853/1948 735 100 virulent 
18 II II MH392228/poultry/Canada/Ontario/Berwick/853/1948 732 98.36 virulent 
19 III* III *MH392214/chicken/India/Mukteswar/519/1940 734 100 virulent 
20 IV* IV MH392215/chicken/Nigeria/Kano/1973/N52/899/1973 734 99.86 virulent 
21 IV IV EU293914/Italy/Italien/1944 734 99.05 virulent 
22 XIVb* XIVb KT948996/domestic_duck/Nigeria/NG-695/KG.LOM.11-16/2009 734 100 virulent 
23 Va* Va MH392216/cormorant/USA/MN/92-40140/250/1992 734 100 virulent 
24 Vb* Vb MH392217/turkey/Belize/4338-4/607/2008 734 100 virulent 
25 Vc* Vc MH392218/chicken/Mexico/NC/23/686/2011 733 99.73 virulent 
26 VIc* VIc KY042125/chicken/Bulgaria/Dolno_Linevo/1992 734 100 virulent 
27 VIm* VIm KX236101/pigeon/Pakistan/Lahore/25A/2015 734 100 virulent 
28 VIIj* VIIj MH392219/chicken/Egypt/Sohag/18/1020/2014 734 100 virulent 
29 VIIe VIIe KJ782375/goose/China/GD-QY/1997 734 97.82 virulent 
30 VIIi* VIIi KX496962/ wild_pigeon/Pakistan/Lahore/20A/996//2015 734 100 virulent 
31 IX* IX MH392220/poultry/China/04-23/C12/647/2004 734 100 virulent 
32 IX IX MH392220/poultry/China/04-23/C12/647/2004 734 99.86 virulent 
33 Xb* Xb MH392221/mallard/USA/MN/99-376/163/1999 734 100 low virulent 
34 Xa* Xa GQ288378/ northern_pintail/USA/OH/87-486/1987 734 100 low virulent 
35 XIIa* XIIa JN800306/poultry/Peru/1918-03/2008 734 100 virulent 
36 XIIIb* XIIIb MH392222/chicken/Pakistan/SPVC/Karachi/27/558/2007 734 99.18 virulent 
37d VIc/XIIIb* XIIIb MH392223/chicken/Pakistan/SPVC/Karachi/33/556-XIII/2007 734 99.46 virulent 
38 XIVb* XIVb MH392225/chicken/Nigeria/KD/TW/03T/N45/720/2009 734 100 virulent 
39 XVI* XVI MH392226/chicken/Dominican_Republic/FO/499-31/505/2008 734 100 virulent 
40 XVIIa* XVIIa KY171995/VRD124/06/N11/867/chicken/2006/Nigeria 734 100 virulent 
41 XVII* XVII KU058680/903/domestic_duck/Nigeria/KUDU-113/1992 734 100 virulent 
42 XVIIIb* XVIIIb MH392227/chicken/Nigeria/OOT/4/1/N69/914/2009 734 100 virulent 

aInput genotype was determined with MiSeq sequencing (*) or previous Sanger sequencing. 

bDetermined by MinION sequencing  

cF protein cleavage sites of virulent NDV genotypes contains more than 3 basic amino acids [(112(R/K)-R-(Q/K/R)-

(R/K)-R-F117)] and low virulent NDV genotypes has monobasic amino acids [(112(G/E)-(R/K)-Q-(G/E)-R-L117)]  

d Illumina Miseq detected two NDV genotypes 

*Matching MiSeq result from same isolate 

⸸ The fusion protein cleavage sites did not vary between AmpSeq and either previous Sanger or previous MiSeq.  

Note: Isolates known to have low virulence are highlighted in bold.  
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Table 3.4. Identification and virulence prediction of NDV genotypes in clinical samples collected 

during outbreaks in 2015 (run 5, 6, and 7). 

Sample 
ID 

Miseq 
genotypes 

MinION 
genotypes 

ID of the MinION hit 
Reads/ 
cluster 

Consensus 
length 

Percent 
identity 

Fusion protein 
cleavage site⸸ 

44 VIIi VIIi chicken/Pakistan/Wadana_Kasur/PNI_PF_(14F)/2015 200 734 100 virulent 

45 
VIIi 
II 

VIIi  
II 

chicken/Pakistan/Wadana_Kasur/PNI_PF_(14F)/2015 
chicken/USA/LaSota/1946 

28 
5 

734 
733 

99.31 
96.44 

virulent 
low virulent 

46 
VIIi  
II 

VIIi  
II 

chicken/Pakistan/Wadana_Kasur/PNI_PF_(14F)/2015 
chicken/USA/LaSota/1946 

10 
17 

733 
733 

99.13 
98.51 

virulent 
low virulent 

47 
VIIi  
II 

NDd 

II 
NAe 

chicken/USA/LaSota/1946 
NA 
139 

NA 
732 

NA 
99.32 

NA 
low virulent 

48 
ND 
VIIi 

II 
VIIi 

chicken/USA/LaSota/1946 
chicken/Pakistan/Wadana_Kasur/PNI_PF_(14F)v/2015 

200 
21 

732 
733 

99.59 
99.13 

low virulent 
virulent 

49 
VIIi  
II 

ND 
II 

NA 
chicken/USA/LaSota/1946 

NA 
200 

NA 
732 

NA 
99.32 

NA 
low virulent 

50 VIIi VIIi chicken/Pakistan/Wadana_Kasur/PNI_PF_(14F)/2015 113 734 100 virulent 

51 VIIi VIIi chicken/Pakistan/Mirpur_Khas/3EOS/2015 200 734 100 virulent 

52a VIIi ND NA NA NA NA NA 

53 VIIi VIIi exotic Parakeets/Pakistan/Charah/Pk29/29A/2015 5 726 98.5 virulent 

54 NO NDV ND NA NA NA NA NA 

55 NO NDV ND NA NA NA NA NA 

56 NO NDV ND NA NA NA NA NA 

57 NO NDV ND NA NA NA NA NA 

58 VIIi VIIi chicken/Pakistan/Gharoo/Three_star_PF_(7G)/2015 8 729 99.32 virulent 

TNb NA ND NA NA NA NA NA 

ENc NA ND NA NA NA NA NA 

a After bead purification, the barcoded amplicon concentration of this sample was lowest in this pool. 

b Template control negative 

c Negative extraction control 

dNot detected 

eNot applicable 

⸸ The fusion protein cleavage sites did not vary between AmpSeq and previous MiSeq. 

Note: Isolates known to have low virulence are highlighted in bold. 
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Table S3.1. The representative genotypes of AAvV-1 and other AAvVs used in this study (egg-

grown viruses) 

Sample 
ID 

Isolate Genotype/
serotype 

MinION runa 

1 chicken/USA/Lasota/1946 II 3, 4, MiSeq 
2 chicken/USA/Hitchner/B1/1947 II 4  
3 clone 30 II 4 
4 turkey/USA/VG/GA/1989 II 4 
5 chicken/Australia/Queensland/V-4/10/1966 Ia 3, 4, MiSeq 
6 MN2000-495 APMV-2 NA 
7 APMV-3/turkey/USA/WI/1968 APMV-3 NA 
8 APMV-4/--/USA/MN/2000 APMV-4 NA 
9 APMV-6/--/USA/MN/1999 APMV-6 NA 

10 APMV-7/--/USA/TX02-12/ APMV-7 NA 
11 APMV-8/goose/US/DE/1053/1976 APMV-8 NA 
12 APMV-9/duck/USA/NY/22/1978 APMV-9 NA 
13 APMV-10/penguin/Falkland Islands/324/2007 APMV-10 NA 
14 APMV-13/white-fronted goose/Ukraine/Askania-Nova/48-15-02/2011 APMV-13 NA 
15 Malaysia/5091/633/2009 Ia 4 
16 APMV-p-S-221111/964 VIId 4 
17 poultry/Canada/Ontario/Berwick/853/1948 II 4, MiSeq 
18 poultry/USA/OH/Miller/778/1948 II 4 
19 chicken/India/Mukteswar/519/1940s III 4, MiSeq 
20 chicken/Nigeria/Kano/1973/N52/899/1973 IV 4, MiSeq 
21 Italy/Milano/1945 IV 4 
22 duck/Nigeria/NG-695/KG.LOM.11-16/2009 XIVb 4, MiSeq 
23 cormorant/USA/MN/92-40140/250/1992 Va 4, MiSeq 
24 turkey/Belize/4338-4/607/2008 Vb 3, 4, MiSeq  
25 chicken/Mexico/NC/23/686/2011 Vc 4, MiSeq 
26 chicken/Bulgaria/Dolno_Linevo/1160/1992 VIc 4, MiSeq 
27 pigeon/Pakistan/Lahore/25A/1011/2015 VIk 3, 4, MiSeq 
28 chicken/Egypt/Sohag/18/1020/2014 VIIj 4, MiSeq 
29 duck/Vietnam/Long Bien/78/2002 VIIe 4  
30 pigeon/Pakistan/Lahore/20A/996/2015 VIIi 3, 4, MiSeq 
31 poultry/China/04-23/C12/647/2004 IX 4, MiSeq 
32 chicken/03-45/641/2003 IX 4 
33 mallard/USA/MN/99-376/163/1999 Xb 4, MiSeq 
34 northern_pintail/US(OH)/87-486/164/1987 Xa 4, MiSeq 
35 poultry/Peru/1918-03/603/2008 XIIa 4, MiSeq 
36 chicken/Pakistan/SPVC/Karachi/27/558/2007 XIIIb 4, MiSeq 
37 chicken/Pakistan/SPVC/Karachi/33/556/2007 XIIIb, VIc 3, 4, MiSeq 
38 pigeon/Nigeira/Katsina/KT/MSH/15C_(N2)/689/2009 XIVb 4, MiSeq 
39 chicken/Dominican_Republic/FO/499-31/505/2008 XVI 4, MiSeq 
40 chicken/Nigeria/VRD124/06/N11/867/2006 XVIIa 4, MiSeq  
41 duck/Nigeria/KUDU-113/903/1992 XVII 4, MiSeq  
42 chicken/Nigeria/OOT/4/1/N69/914/2009 XVIIIb 4, MiSeq 
43 APMV-5/Japan/Tokyo/Kunitachi/1978 APMV-5 NA 

a 3 = MinION run 3 (6 samples pooled), 4 = MinION run 4 (33 samples pooled), MiSeq = 

Isolates sequences with Illumina Miseq. For further information about MinION sequencing runs, see Table 

S3. 
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Table S3.2. Background information of clinical swab (oral and cloacal) samples collected from 

chicken during disease outbreaks in Pakistan in 2015 

 Sample 
ID 

Isolate Genotypea Swab type  MinION runb 

44 chicken/Pakistan/Punjab/1F/1062/2015 VII i Oral 6 
45 chicken/Pakistan/Punjab/2F//1063/2015 VII i and II Oral 5 
46 chicken/Pakistan/Punjab/4F/1065/2015 VII i and II Oral 6 
47 chicken/Pakistan/Punjab/5F/1066/2015 VII i and II Oral 5 
48 chicken/Pakistan/Punjab/7F/1067/2015 VII i Oral 6 
49 chicken/Pakistan/Punjab/8F/1068/2015 VII i and II Oral 5 
50 chicken/Pakista/Punjab/14F/1069/2015 VII i Cloacal  5 
51 chicken/Pakistan/Sindh/4E/1061/2015 VII i Oral 5 
52 chicken/Pakistan/Punjab/1H/1072/2015 VII i Oral 7 
53 chicken/Pakistan/Punjab/3H/1074/2015 VII i Oral 5 
54 chicken/Pakistan/Punjab/16H/1077/2015 NO NDV Cloacal 5 
55 chicken/Pakistan/Sindh/A3/1221/2015 NO NDV Oral 6 
56 chicken/Pakistan/Sindh/B1/1222/2015 NO NDV Oral 5 
57 chicken/Pakistan/Punjab/D2/1226/2015 NO NDV Oral 5 
58 chicken/Pakistan/Punjab/7G/1071/2015 VII i Oral 7 

a all isolates were identified as members of AAvV-1 with next-generations sequencing (MiSeq) 

b 5 = MinION run 5, 6 = MinION run 6, 7 = MinION run 7. For further information about MinION sequencing runs, 

see Table S3.   
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Table S3.3. Detail of MinION sequencing runs 

Run Description of MinION sequencing run Sample type  Sequencing run 
time 

Total reads 

1 LaSota serial dilution 
 (n = 6) (R1) 

Allantoic fluid 32 min 60,000 

2 LaSota serial dilutions 
 (n = 6) (R2) 

Allantoic fluid 32 min 98916 

3 NDV6; (n = 6) Allantoic fluid 20 min 60,000 
4 NDV33; (n = 33) Allantoic fluid 12 hrs 2,084,000 
5 *Clinical swab samples (n = 9) Swab material 6 hrs 368,000 
6 *Clinical swab samples (n = 4) Swab material 7 hrs 224,000 
7 *Clinical swab samples (n = 2) Swab material 12 hrs 284,000 

 *Amplicons obtained from clinical samples were pooled together based on the variation in their concentration  
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Table S3.4. Time-based quality metrics of MinION sequencing run 4 (n = 33)  

Sequencing run time 
for each batch of 
20,000 reads (total run 
time) 

Mean read 
quality 

Reads 
Q ≥ 10 

% of reads  
Q ≥ 10 

Mean read 
Q≥10 

30 (30) min 11.3 16593 82.97 11.9 

30 (60) min 11.2 16274 81.37 11.8 

45 (105) min 11.0 15853 79.26 11.8 

45 (150) min 11.0 15714 78.57 11.7 

40 (190) min 10.8 15256 76.28 11.6 

A Q score of 10 translates into 90% accuracy.  
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Table S3.5. Estimation of cost of reagents and sample processing time for MinION sequencing  

Steps Time Cost in USD 

Multiplexed samples n = 6 n = 33 n = 6 n = 33 

RNA extraction 2 hrs 8 hrs 30 165 

One step RT-PCR 2 hrs 2 hrs 48 264 

Amplicon purification 20 min 2 hrs 18 99 

Barcode kit NA NA 25 150 

Single library preparation 4 hrs 8 hrs 99 99 

Flow cell NA NA 500 500 

Flow cell per sequencing run (n) NA NA (n = 5) 100 (n = 2) 250 

Sequencing run 32 min 3 hrs 10 min 320 1027 

aBasecalling 1 hr 1 hr 40 min NA NA 

Post basecalling data processing and consensus 
assembly 

25 min 40 min NA NA 

Total time b9-10 hrs 26 hrs NA  NA  

Cost ($) per sample NA NA $53 $31 

aBasecalling time varies based on average length and total number of reads. For amplicon sizes in 

this study, basecalling took approximately 60 minutes for 60,000 reads. Longer times will be 

required for longer amplicons. 

bIncluding the sequencing run time 
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Figure 3.1. Schematic diagram of customized Galaxy workflow for MinION sequence data 

analysis. Blue shading indicates pre-processing steps. Green shading indicates post-processing 

steps; assembly/output is shaded purple. Purple arrows indicate different inputs for final consensus 

calculation.  



100 

 

 

Figure 3.2: Quality metrics of two MinION sequencing runs. Mean read-based quality score 

distribution of 6 sample pooled run (run 3) (A) and 33 sample pooled run (run 4) (B). Mean run-

based quality score over time of six sample pooled run (C) and 33 sample pooled run (D). The 

overall read quality average (●) remained above 10 in both runs. 
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Figure 3.3: Mean Q ≥10 (blue lines) and Q <10 (orange lines) of total reads over time during MinION 

sequencing runs using clinical swab samples. Additionally, the overall read quality average (●) for 

all three runs, remained above 10. A: MinION run 5, n = 9 samples, runtime = 6 hours. B: MinION 

run 6, n = 4 samples, runtime = 7 hours. C: MinION run 7, n = 2 samples, runtime = 12 hours.  
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Figure S3.1. Agarose gel electrophoresis of AAvVs. Sample 6–14 and 43 are AAvVs other than 

AAvV-1. A DNA ladder (100 bp) was loaded into lane L. A no-template control was loaded into 

lane N. Bright bands show the amplified target region of AAvA-1 genome (expected product 

size 788 bp). See Table S3.1 for key to lanes.  
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Figure S3.2. Phylogenetic tree constructed by using the nucleotide sequence (734 bp) of NDV 

isolates sequenced with MinION and MiSeq, with sequences of related NDV genotypes from 

GenBank. The evolutionary histories were inferred by using the maximum-likelihood method 

based on General Time Reversible model with 500 bootstrap replicates as implemented in 

MEGA 6. The tree with the highest log likelihood (-9347.8021) is shown. A discrete Gamma 

distribution was used to model evolutionary rate differences among sites (4 categories [+G, 

parameter = 0.9254]). The percentages of trees in which the associated sequences clustered 

together are shown below the branches. The tree is drawn to scale, with branch lengths measured 

in the number of substitutions per site. The analyses involved 129 nucleotide sequences with a 

total of 725 positions in the final datasets. The sequences obtained in the current study are 

denoted with solid circles in front of the taxa name and bold font. Blue circles indicate isolates 

from MinION sequencing run 1, green circles indicate isolates from MinION sequencing run 2 

and red circles indicate MiSeq sequencing  
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

 

Newcastle disease virus has a worldwide distribution and is endemic in many countries. 

Due to the impact of this disease on the global poultry industry, detection and characterization of 

NDV pathotypes is of utmost importance. Commonly, nucleic acid based Real Time PCR rapid 

diagnostic assays are being used for NDV diagnostics. However, rapid diagnostic assays have 

either little sequencing information or the obtained information is not enough to fully characterize 

the isolate. In current studies, two sequencing protocols (target independent using NGS and target 

dependent using MinION sequencing) were developed and optimized for detection and thorough 

characterization of currently circulating NDVs from different types of clinical samples.  

Our first study tested the utility of FFPE tissues for direct sequencing of NDV genome 

using NGS. Different type of tissues collected during disease outbreaks were subjected to complete 

genome sequencing using random priming approach. This method is useful because FFPE tissues 

can be conveniently and affordably transported, due to pathogen inactivation, and because FFPE 

tissues are the primary means of archiving tissue, allowing for full-genome epidemiologic 

investigations in historical samples. The use of random sequencing coupled with absence of any 

virus enrichment procedure make this technique likely to be applicable to sequence virus genomes 

from clinical FFPE tissues in other viral infections. Additionally, the results demonstrate that sub-

genotype VIIi viruses are still circulating and evolving in Pakistan after they were first identified 

in the country in 2011 and suggest that active epidemiologic surveillance for NDV is needed. This 
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technique will help to investigate the epidemiologic link between highly related NDV viruses 

especially in closely located geographical regions where ND has acquired endemicity.  

In our second study, we sought to develop and optimize a sequencing protocol that is time 

efficient and does not require expensive laboratory equipment. A MinION-based AmpSeq protocol 

was developed to detect all existing genotypes of APMV-1. Testing of this AmpSeq approach on 

cultured and clinical samples demonstrated that it provides high quality viral detection, preliminary 

genotyping, and predicts the virulence of NDV. It will be beneficial worldwide due to the rapid 

and comprehensive results, especially in developing countries where the endemicity of high-

consequence diseases, such as NDV, and the lack of resources are additional challenges to 

monitoring and studying infectious diseases. MinION AmpSeq improves the depth of information 

obtained from PCRs and allows for more flexibility in assay design, which can be broadly applied 

to the detection and characterization of numerous infectious agents. 

The development and optimization of sequencing protocols in the present study will further 

aid and supplement in detection and characterization of NDV isolates by current PCR-based rapid 

diagnostic assays. Additional testing of these protocols on a wide variety of clinical samples would 

be required to adopt these protocols to be used in diagnostic laboratories.  

 


